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CFO 15824 US 



MAGNETIZATION REVERSAL METHODS FOR MAGNETIC FILM, 
MAGNETORESISTIVE FILMS, AND 
MAGNETIC MEMORIES USING THEM 



5 BACKGROUND OF THE INVENTION 

Field Of th-e Invention 

Tlie present invention relates to methods of 
reversing a direction of magnetization in a magnetic 
film^ magnet oresistive films, and magnetic memories 

10 using them. 

Related Background Art 

In recent years , semiconductor memories being 
solid state memories are frequently used in information 
equipment and there are a variety of types of 

15 semiconductor memories including DRAM, FeRAM, flash 

EEPROM, and so on« These semiconductor memories have 
both merits and demerits of characteristics and there 
exists no memory satisfying ail the specifications 
requireca In 1;he ciir-jrent information egu-ipment . Fox" 

20 example, DRAM permits high recording density and many 

rewriting operations, but is volatile and thus loses 
information without supply of power. Flash EEPROM is 
nonvolatile, but taJces a long time for erasing anC is 
thus not suitable for fast processing of information* 

2 5 Under the present circiamstances of semiconductor 

memorijes as described above, memories making use of the 
magnetoresistance effect (magnetic random access 
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memories: MRAMs) axe px-omisxng as memoirles satxs£Ying 
tlxe specifications required in many information 
devices, including tlie recording time, reading time, 
recording density, the number of rewriting operations 
5 permitted, power consumption, and so on. Particularly, 
MRAMs making use of tlie spin-dependent tunneling 
magnet ores is tance effect provide great read signals and 
are tb.us advantageous in terms of increase in recording 
density or in terms of fast reading, and the 
10 feasibility of MRAMs is justified in recent research 
reports * 

The fxandamental structure of magnetoresistive 
films used as devices of MRAMs is the sandwich 
stiructure in which magnetic layers are adjacent to each 
15 other with a nonmagnetic layer in between. Materials 
often used for the nonmagnetic film are 
electroconductive materials such as Cu and the like^ 
and insulators such as AI2O3 and the liJce . 

Magnet oresistive films using a- conductor of Cu or tbe 
20 like as the nonmagnetic layer are called giant 

magnetoresistive (GMR) films, and magnetoresistive 
films using an insulator of AI2O3 or the like as the 
nonmagnetic layer are called spin -dependent tunneling 
magnetoresistive (TMR) films. Since the TMR films 
2 5 exhibit the magnetores is tance effect greater than the 

GMR films, the TMR films are preferable as memory 
devices of MRAMs, 
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Tlie magne1:ores±st:±ve films demonstrate a. 
reXativeXy low electric jresistance witii magnetization 
directions of the two magnetic layers being parallel, 
but a relatively large electric resistance witli the 
5 magnetization directions of the two magnetic layers 
being antiparallel » Accordingly, it is feasible to 
read information out by making use of the above nature, 
using one magnetic layer as a recording layer and the 
other as a readout layer. 

10 For recording and reproduction of information in 

MRAMs, it is thus necessary to change the magnetization 
directions of the magnetic films forming the 
magnet oresistive film. For changing the magnetization 
directions , it is necessary to apply a magnetic field 

15 not less than a magnetic field for reversal of 

magnetization (magnetization reversal field) of the 
magnetic films . 

The magnetization reversal field of the magnetic 
films will be described below. Main examples of 

2 0 magnetic films with an easy axis of magnetization along 

the perpendicular direction to the film surface are 
alloy films and artificial lattice films of rare earth 
metal and transition metal ^ artificial lattice films of 
transition metal and noble metal such as Co/Pt or the 

25 like, alloy films with magnetocrystalline anisotropy in 

the perpendicular direction such as CoCr or the like, 
and so on. The magnetization reversal field of these 



- 4 - 

magnetic films largely varies depen<aiiig upon tb.e 
composition, film-forming methods, and so on. 
Particularly, tlie alloy films of rare earth metal and 
transition metal are greatly affected by the 
5 composition. The reason is that the sublattice 

magnetization of rare earth atoms is antiparallel to 
that of the transition metal- Namely, when the 
sublattice magnetizations of the respective metaXs aire 
substantially equal in magnitude {near the compensation 

10 composition) , the alloy films have small apparent 
magnetization and are ttLus rax^ely affected by a.n 
external magnetic field • When there is a big 
difference between the sublattice magnetizations of the 
respective metals on the other hand, the alloy films 

15 have large apparent magnetization and are thus largely 
affected by the external magnetic field. This means 
that the magnetisation rever-sal field is high near the 
compensation composition, but the magnetization 
reversa-l field, becomes lower as deviation becomes 

20 larger from the compensation composition. However, if 

the intensity of apparent magnetization becomes too 
high, the easy axis of magnetization will deviate from 
the per^endiculaor direction because of influence of a 
demagnetizing field. Among the alloys of rare earth 

25 metal and transition metal, GdFe demonstrates small 

values of the magnetization reversal field, whicli are 
approximately several thousand A/m even near the 
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crltxcal composition wiieire tlie easy axis of 
magnetisation stazrts inclining from the perpendiculai: 
direction. Such values axe too lax-ge to apply tlie 
alXoy films, fox- example, to tlie memory devices. 
5 In general, when compared with perpendicular 

magnetic films, longitudinal (xn-plane) magnetic films 
exhibit smaller magnetization reversal fields, but the 
longitudinal magnetic films tend to increase the 
magnetization reversal field with decrease in device 

10 size. The magnetisation reversal field can be higher 

in the longitudinal magnetic films in certain device 
size than in the perpendicular magnetic films. 

For future increase in density of integration of 
MRAMs, use of the perpendicular magnetic films as 

15 memory devices permits production of magnetoresistive 
films in small size and is. expected to decrease the 
size of lyiRAM itself and increase the density thereof, 
because they are free of problems of curling of 
magnetization and tiie aforementioned rise of the 

2 0 magnetization reversal field, which arise in the 
longitudinal magnetic films. 

Xn the case of the perpendlcnlar magnetic films , 
however, it is necessary to apply a perpendicular 
magnetic field strong enough to reverse the 

25 magnetization direction in at least one magnetic layer, 
and thus magnetization reversal methods are still 
susceptible to study, because the magnetization 
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revfersal field of the perpendicular magne-tic films is 
genezrally high as described above. In the MRAM, it is 
necessary to record or reproduce information by 
selecting a specific memory device out of a number of 
5 memory cells arrayed in a matrix pattern. There is 
thus a need for a method of effectively applying the 
magnetic field to the specific memory device . If the 
specific device were selected by simply applying a 
strong magnetic field to the magnetic films, it would 

10 be possible to apply the strong magnetic field by 

supplying a large electric current to a write line or 
by providing a plurality of write lines per device. 
However, the flow of the large current in conductor 
lines is not preferable in terms of heat design or 

15 power supply capacity and it is necessary to set the 

current at least to below a value where the write lines 
suffer discontinuity due to electromigration , Even 
within the range below the value, it is desirable to 
set the current as small as possible, in view of power 

20 consumption. The provision of plural write lines per 

device of magnetoresistive film inevitably increases 
the device area by that degree, and imposes severe 
constraints on the layout in the memory cells , thus 
making high integration difficult, 

25 As described above, in the case wherein the memory 

devices or the like are constructed of the 
magnetoresistive film using the perpendicular magnetic 
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films, or even xn tlie case using the longitudinal 
magnetic films, tliere will arise issues including th.e 
increase in tiie device area, tlie increase in power 
consumption, etc. due to th.e rise of tiie magnetization 
5 reversal field, in conjunction witH future decrease of 
device size* 

SUMMARY OF THE INVENTION 

In view of tlie above issues, an object of the 

10 present invention is to provide methods of reversing 
magnetiza.tion in a magnetic film reqTjxring a strong 
magnetic field for reversal of magnetization, by 
applying a weak magnetic field, in the case of the 
perpendicular magnetic films being used, in the case of 

15 multilayer films being magnetically coupled, and in the 
case of magnetic films being reduced in size, and to 
provide MRAMs permitting easy selection of a specific 
memory device and permitting size reduction without 
increase in power consumption, 

20 The above object is accomplished by a 

magnetization reversal method of applying an external 
magnetic field to a magnetoresistive film; wherein said 
magnetoresistive film has a structure in which a 
nonmagnetic film is placed between magnetic films with 

2 5 an easy axis of magnetization along a perpendicular 
direction to a film plane and wherein said external 
magnetic field comprises magnetic fields from a 
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pltix-ality of directions Including ai direction of the 
ecLsy axis of magnetization of said magnetic films. 

Tiie above object is also accompli she a by a 
magnetization reversal mettiod of applying a magnetic 
5 field from outside to a magnetic film with, an easy axis 
of magnetization along a perpendicular direction to a 
film plane to change a direction of magnetization, 
wherein said magnetic fiel<i appXiea. ±s a magnetic fieia 
from a direction inclined fzrom the easy axis of 

10 magnetization of said magnetic film. 

The above object is also accomplishea by a 
magnetoresxstive film comprising a first magnetic film 
anci a second magnetic film with an easy axis of 
magnetization along a peirpendicular direction to a film 

15 plane, and having a staructure in which a nonmagnetic 
layer is placed between said first magnetic film and 
second magnetic film, wherein a magnetization reversal 
magnetic field of said, first magnetic film < a 
magnetiza.t:ion ireversal magnetic field of said, second 

20 magnetic film, and wherein said second magnetic film 
undergoes reversal of magnetization by simultaneously 
applying the magnetisation reversal magnetic field of 
said first magnetic film and a magnetic field inclined 
from the easy axis of magnetization. 

25 The above object is also accomplished by a 

magnetoresistlve film comprising a first magnetic film 
and a second magnetic film with an easy axis of 
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magnetisation along a perpendicular direction to a film 
plane ^ and iiaving a structure in wbich a nonmagnetic 
film is placed between said first magnetic film and 
said second magnetic film, wiierein said first magnetic 
5 film undergoes reversal of magnetization by applying a 
magnetic field in a direction of tiie easy axis of 
magnetization and a magnetic field in a direction 
inclined from tiie easy axis of magnetization, and 
wberein said second magnetic film does not undergo 
10 reversal of magnetization by tlie magnetic fields 
applied to said first magnetic film. 

The above object is also accomplished by a 
magnetic memory comprising: 

a substrate ; 

15 a magnetoresistive fiXm pnrovided on the substrate, 

which has a structure in which a nonmagnetic layer is 
placed between a pl^lI^aLlity of magnetic films with an 
easy a^cis of magnetisation along a perpendicular 
direction to a film plan©; 

2 0 a write line foi: applying a magnetic field to said 

magnetoresistive film; and 

a bit line provided on the opposite side to sard 
substrate with respect to the magnetoresistive film, 
wherein magnetization in at least one magnetic 

25 film of said magnetoresistive film is reversed by 

magnetic fields generated by electric currents flowing 
in said write line and in said bit line. 
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Tlie above object ±s also accomplisbed. by a 
magnetic memoxY comprising t 
a substrate; 

a magnetoresistxve film provided on the substrate, 
5 wh.icii lias a structuxe in which, a nonmagnetic layer- is 
placed between a plurality of magnetic films with an 
easy axis of magnetization along a perpendicular 
direction to a film plane; 

a wx-ite line for applying a magnetic field to said 
10 magnetoresistive film; and 

a bit line provided on tlie opposite side to said 
substrate with respect to the magnetoresistive film, 

wherein the magnetic field from said write line is 
applied in a direction of the easy axis of 
15 magnetization of said magnetic films of said 

magnetoresistive film and a magnetic field from said 
bit line is applied in a direction inclined from the 
easy axis of magnetization. 

The above object is also accomplished by a 
20 magnetic memory comprising t 

a substrate; 

a magnetoresistive film formed on the substrate, 
which has a structure in which a nonmagnetic layer is 
placed between magnetic films with an easy a^nis of 
2 5 magnetization along a perpendicular direction to a film 
plane ; 

a write line for applying a magnetic field to said 
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magne t ore s i s t ± ve £ xlm ; ajid 

a bit Ixne provided on ttie opposite side to said 
siit>sti?at:e witli respect to said magnetoresistive film, 

said magnetic memory comprising means for applying 
5 an external magnetic field to tlie magnetic films of 

said magnetoresistive film wliile varying an intensity 
or a direction of the external magnetic field . 

Tlie above object: is also accomplislied by a 
magnetic memory comprising; 
10 a substrate; 

magnetoresistive films formed in a matrix pattern 
on the substrate; 

a write line for applying a magnetic field to said 
magnetoresistive films; and 
15 a bit line provided on th.e opposite side to sa.id 

substrate with, respect to said magnetoresistive films, 

wherein in said magnetoresistive films, a first 
magnetic film, a second magnetic film, a nonmagnetic 
film, a thiard magnetic film, and a fourth magnetic film 
20 are stacked in the order named, at least the first and 
fourth magnetic films have their easy axis of 
magnetization along a perpendicular direction to a film 
plane, and said second and third magnetic films have 
greater longitudinal magnetic anisotropy than that of 
25 said first and second magnetic films, 

wherein at the same time as the magnetic field is 
applied in a direction of easy magnetization of said 
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first and second magnetic films fx-om said write line, a 
. magnetic field is applied in a dir-ection inclined from 
tlie easy a^cis of magnetization from said bit line, 
thereby selecting a specific magnetoresistive film. 
5 T]ae above object is also accomplisiied by a 

magnetic memory comprising: 

a snbstrate, and a. pluirality of magnetooresisiiive 
films foxmed in a matx-ix pattern on tlie substrate, said 
magnetoresistive films eacti iiaving a structure in wbich 
10 a nonmagnetic layer is placed between magnetic films 
witli an easy axis of magnetization along a 
perpendicular direction to a film plane; 

a write line for applying a magnetic field to said 
magnetoresistive films; and 
15 a bit line on the opposite si<ie to saiid substrate 

with respect to said magnetoresistive films, 

wherein the magnetic field from said write line 
ana a magnetic f ielS from said /bit line are 
simultaneously applied., applica-tion of the ina.gnetic 
2 0 field from the bit line is first stopped, and 

thereafter application of the magnetic field, from the 
write line is stopped after magnetization of said, 
magnetoresistive films has been aligned, in the 
direction of the magnetic field from said write line, 
25 thereby implementing recording or reproauction. of 

inf orma-tion . 

The details will be described hereinafter in 



embodiments . 



BRXEF DESCRIPTION OF THE DRAWINGS 

Fxg, 1 is a schematic diagram foi: explaining an 
example of ttie magnetization reversal metHod according 
to tiie present invention? 

Pig. 2 is a grapti showing the intensity of 
magnetic fields necessary for reversal of ttie direction 
of magnetization directed in th.e perpendicular 
direction in tlie magnetic layer, wiiere the external 
magnetic field is applied from the perpendicular 
direction and from the both longitudinal and 
perpendicular directions to the magnetic film with 
perpendicular magnetic anisotropy; 

Fig. 3 is a schematic diagram for explaining an 
example of the magnetization reversal method according 
to the present invention; 

Fig. 4 is a magnetization curve for explaining an 
ex:ample of the magnetization reversal method according 
to the present invention? 

Fig . 5 is a magnetization curve for explaining 
another example of the magnetization reversal method 
according to the present invention; 

^^9' 6 is a magnetization curve for explaining 
another example of the magnetization reversal method 
according to the present invention; 

Figs. 7A, 7B, 7C and 7D are diagrams for 
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explaining tlie principles of recording and. reproduction 
in tbe magnetoresistive film using the perpendicular 
magnetic films, wherein Pig, 7A and Fig. 7B are cross - 
sectional views schematically showing states of 
5 magnetization in reading of recorded information "1" 

and wherein Fig, 7C and Pig, 7D are views schematically 
showing states of magnetization in reading of recorded 
information " 0 " ; 

Fig. 6 is a schematic view showing a configuration 
10 of a system used in Embodiment 1; 

Fig, 9 is a schematic view showing a structure of 
magnetic films used in Embodiment 1; 

Fig. 10 is a diagram showing a magnetic resistamce 
curve measured in Embodiment 1; 
IS Fig . 11 is a schematic view showing a structure of 

magnetic films used in Kmbodimeut 2? 

Fig. 12 is a diagram showing a. magnetic resistance 
curve measured in Embodiment 2; 

F±g. 13 is a view schematically showing memory 
20 devices described in Embodiment 3; 

Fig. 14 is a schematic view showing a structure of 
magnetic films used in Embodiment 3; 

Fig* 15 is an equivalent circuit diagraJU of a 
memory described in Embodiment 4; 

Fig* 16 is a view schematically showing a region 
around one device in the memory described in Embodiment 
4; 
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Fig. 17 is an equivalent circiJLit diagzram showing a 
configuration o£ a region mainly associated with, 
storage of information in the MRAM of Embodiment 5; 

Fig,- 18 is an eqriivalent circuit diagram showing a 
5 configuration of a region mainly associated with 

readout of information in the MRAM of Embodiment 5; 

Fig- 19 is a schematic view showing the strxicture 
of the MRAM in Embodiment 5; 

Fig. 20 is a schematic view showing a positional 
10 relation between a write line and a memory cell; 

Fig. 21 is a perspective view showing an example 
of the MRAM structure in Embodiment 6; 

Fig. 22 is a perspective view showing another 
example of the MRAM structixre in Embodiment 6; 
15 Fig. 23 is a. perspective view showing still 

another example of the MRAM structure in Embodiment 6 ; 

Fig. 24 is a perspective view showing an example 
of the MRAM structure in Embodiment 7; 

Fig. 2 5 is a schema-tic view showing an MRAM 
20 structure in Embodiment 8; 

Fig. 26 is a schematic view showing an MRAM 
structux-e in Embodiment 9: 

Fig, 2 7 is a schematic view showing an MRAM 
structure in Embodiment 10; 
25 Fig, 28 is a plan view showing the MRAM structure 

in Embodiment 10; 

Fig. 29 is a schematic view showing an MRAM 
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structure ±n Embodiment 11; 

Fig- 30 is a. scliematic v±ew sliowxng aji MRAM 
structure in Embodiment 12; 

Fig* 31 is a view showing an example of the memory 
5 cell structure wlxerein tiie perpendicular magnetic films 
aire used in tiie magnet ore sis tive film; 

Fig, 32 is a schematic view showing an MRAM 
structure in Embodiment 13; and 

Fig, 33 is a plan view showing the MRAM structure 
10 in Embodiment 13. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention will be described below in 
detail with reference to the drawings . 

15 Fig. 1 is a conceptual drawing for explaining 

directions of external magnetic fields upon reversal of 
magnetization. A magnetic film 31 is a perpendicular 
magnetic film. The magnetic fields are applied from 
two (iix-ectiorLS , peirpenc3.icuLla.i: dix-ection 41 and 

20 longitudinal direction 42. Pig* 2 is a graph showing 
the intensity of the magnetic fields necessary for 
reversal of the direction of magnetization directed in 
the perpendicular direction in the magnetic layer when 
the external fields are appliea from the both 

25 perpendicular and longitudinal directions* The 

ordinate of Fig. 2 indicates the intensity of the 
perpendicular magnetic field necessary for reversal of 
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th-e itiagnetxzatioii aiirection of the magnetic layer wiiose 
easy axis of magnetization lies along tirxe perpendicular 
direction, and tlie abscissa the magnetic field, 
simultaneously applied in the longitudinal direction to 
5 the film. Fig, 2 shows the result of simulation using 
the data of Ms (magnetization) : 100 emu/cm^ and Ku 
(perpendicular magnetic anisotropy constant}! 2 x lO'^ 
erg/cm^, in which the size of the magnetic film used for 
calculation was 0.1 x 0.1 pm and the thiclcness 40 nm. 

10 Xt is seen from Fig. 2 that, when the longitudinal 

magnetic field is also applied to the magnetic layer at 
the same time as application ot the perpendicular 
magnetic field, the intensity of the perpendicular 
magnetic field necessary for the reversal of 

15 magnetization in the magnetic layer can be largely 

reduced, as compared with the case without application 
of the longitudinal magnetic field . 

When the longitudinal magnetic field is also 
applied to the magnetic layei: at the same time as tlie 

20 application of the perpendicular magnetic field, the 

total of the perpendicular magnetic field and the 
longitudinal magnetic field necessary for the reversal 
of magnetization can he largely decreased^ as compared 
with application of the perpendicular magnetic field 

25 alone- This maKes it feasible to reverse the 

magnetization by the magnetic field weaker than in the 
case of the magnetic field being applied only from t]ae 
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perpendxculajr directxon . 

By applying magnetic fields from a plurality of 
directions and. altering intensities or a ratio o£ 
intensities, and directions of application ttiereof, a 
5 resultant magnetic field can toe applied in any desired 
direction witiiin a plane including tlie normal direction 
to the film surface^ to the magnetic film. Namely, it 
becomes feasible to apply the magnetic field from 
either of directions inclined at angles of O to jj;/2 

10 relative to the perpendicular direction being the easy 
axis of magnetization. When the magnetic fields in the 
perpendicular direction and in the longitudinal 
direction are applied simultaneously and in the same 
intensity, the resultant magnetic field can be applied 

15 from the direction inclined at the angle of (k/4) rad 

relative to the easy axis of magnetization, as shown in 
Fig. 3. 

The magnetization reversal mechanisms of the 
magn&tic fi3Lm will l>e described lierelnaf tear in detail. 

20 The description will be provided separately for the 

longitudinal magnetic film and for the perpendicular 
magnetic film . 

First described is the reversal of magnetization 
in the longitudinal magnetic film. wnen the external 

2 5 magnetic fields are applied in the direction of easy 

magnetization and in a direction inclined from the easy 
a:x;is of magnetizjation wittiin the same plane as the easy 
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axis of magnetization^ the coeircive force is dependent 
upon an ajngle between tlie easy axis of inagnetization of 
tne magnetic film and the externally applied field, and 
the coercive force becomes smaller with the magnetic 
5 field being inclined from the easy axis of 

magnetization than with the magnetic field being 
directed along the easy axis of magnetization . 
However, the magnetic field for saturation of 
magnetization, i.e., the magnetic field for perfectly 

10 aligning magnetization with the direction of easy 
magnetization, becomes stronger on the other hand. 
This phenomenon is reported as to permalloy thin films 
by Prutton in Thin Ferromagnetic Films, pl03, 
Buttenrworths, London (1964). Accordingly, the coercive 

15 force can be made small but the lowering of the 

magnetization reversal magnetic field is not made so 
high as expected, by simply applying the magnetic 
fields from the direction of easy magnetization and a 
direct ion diffeirent therefrom in the longitudinal 

2 0 magnetic film. 

Described next is the reversal of magnetization in 
the case wherein the magnetic fields are applied in the 
direction of easy magnetization and in a direction 
inclined from the easy axis of magnetization in the 

25 magnetic film with perpendicular magnetic anisotropy, 
particularly, in the film having the easy axis of 
magnetization along the perpendicular direction* It 
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±s, however-^ noted, th-at tlie inagnet±G fields applied in 
the magnetic film witn longitudinal magnetic anisotropy 
are always applied in longitudinal dir-ections in tiie 
same plane even if tliey axe. applied from a plurality of 
directions , but in tlie case of the perpendicular 
magnetic film th.e magnetic fields are not always 
applied in the same plane . 

It was also found tliat when the magnetic field was 
applied from the direction inclined from the easy axis 
ot magnetization, as shown in Fig. 2, the coercive 
fox-ce became small in the perpendicular magnetic film, 
as in the longitudinal magnetic film. In addition, 
different from the case of the magnetic film with 
longitudinal magnetic anisotropy, the magnetic field 
for saturation of magnetization was not so strong even 
with the inclination of the applied magnetic field from 
the easy axis of magnetization as in the case of the 
longitudinal magnetic film. 

This is conceivably hecause the magnetization 
reversal mechanism of the perpendicular magnetic film 
is different from that of the magnetic film with 
longitudinal magnetic anisotropy. Namely, x-otation of 
spins is dominant during the reversal of magnetization 
in the longitudinal magnetic film, whereas simultaneous 
reversal of magnetization is dominant in the 
perpendicular magnetic film. For this reason, the 
phenomenon of increase in the magnetization saturation 
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field does not appear so prominent in the perpenciicular 
magnetic film as in ttie longitudinal magnetic film even 
if tne magnetic field is applied from the dix-ection 
inclined from tlie easy a^is of magnetization, 
5 ^h.xs will be specifically descx-it^ed witii reference 

to tbe results of measurement o£ magnetization curve. 

Fig, 4 shows a magnetization curve obtained when 
the magnetic fields are applied to a magnetic film with 
the easy axis of magnetization along the perpendicular 

10 direction from the direction of easy magnetization and 

from a direction inclined from the direction of easy 
magnetization, e.g., from the longitudinal direction. 
The film structure of the magnetic film is one wherein 
a film of Gd^^^Fegs is formed in the thickness of 30 nm on 

15 an Si substrate and a film of Pt is formed as a 

protective layer in the tliic3cness of 2 nm thereon. Let 
us suppose the direction of magnetization in the 
magnetic film is upward, the magnetic field is applied 
in a fisced intensity in th^ longitudinal direction, and 

20 the magnetic field in the perpendicular direction is 

applied in the antiparallel direction to the direction 
of magnetization, i.e., downward. As the intensity of 
the magnetic field in the perpendicular direction is 
gradually increased from zero, the resultant magnetic 

25 field gradually changes its direction from it/ 2 relative 

to the perpendicular direction, and the magnetization 
starts being reversed at a certain point. The magnetic 
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field in the perpendicular direction is furtlier 
intensified tip to saturation of magnetization, and 
thereafter tlie intensity of the magnetic field is 
gradually decreased. Then the magnetic field applied. 
5 in the perpendicular direction is reversed and the 
intensity of the magnetic field is again increased* 

A curve indicated hy a dashed line is a 
magnetization curve measured with application of tlie 
magnetic fields in the direction of easy magnetization 

10 and in the direction inclined from the direction of 

easy magnetization, i.e,, in the longitudinal direction 
herein as described ahove, and a curve indicated hy a 
solia line a magnetization curve measured with 
application of the magnetic field only in the direction 

15 of easy magnetization- It is seen from the fignre that 

tUe coercive force and the magnetization reversal fieXd 
are lower than in the case of application of the 
magnetic field only in the direction of easy 
magnet izat:±on . 

20 In the next place, tlie magnetic fields are applied 

by a method of first simultaneously applying the 
magnetic fields in the longitudinal direction and in 
the perpendicular direction to the magnetic film with 
the easy axis of magnetization along the perpendicular 

2 5 direction, to reverse the magnetization substantiaily , 

ana thereafter stopping the application of the magnetic 
field in the longitudinal direction- The film 
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structure of tiie magnetic film was the same as tlia.t in 
th.e measurement sliowii ±n F±g* 4. The result ±s 
presented by a dashed. l±iae in Fig. 5, A solid line in 
Fig. 5 indicates a magnetization curve obtained when 
5 the magnetic fields are continuously applied 

simultaneously in the longitudinal direction and in the 
perpendicular direction. When the application of the 
magnetic field in the longitudinal direction is stopped 
after the substantial reversal of magnetization, the 

10 magnetization immediately reaches saturation in the 
perpendicular direction. Therefore, this method 
permits complete reversal of magnetization to be 
achieved by the wea3cer applied field- 

A conceivable reason for this is that the 

15 perpendicular magnetic anisotropy exerts a force to 
direct the magnetization in the perpendicular 
direction, while the magnetization is apt to turn into 
the direction of the magnetic field applied, i.e., the 
direction of the resultant magnetic field of ttie 

20 magnetic field applied in the perpendicular direction 
and the magnetic field applied in the longitudinal 
direction , 

Further, this phenomenon will be considered for 
separate domain structures, multiple domain structure 
25 and single domain structure* In the case of the 

multiple domain structure, there is a possibility of 
forming magnetic domains eucid it is speculated that the 
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magnetization can be sometimes resistant to being 
aiigned in one direction because of tJie application of 
ttie magnetic field in ttte direction inclineoL from the 
easy axis of magnetization* In tlie case of tiie 
5 magnetic film having the single domain structure, the 

magnetization is aligned in the perpendicular direction 
because of the perpendicular magnetic anisotxopy, biit 
the magnetization can be sometimes resistant to being 
directed in the perpendicular direction, for the 

XO reasons that the magnetic film has small perpendicular 
magnetic anisotropy, the magnetic film has the film 
structure or film shape resistant to rotation of 
magnetization, and so on. Namely, it is speculated 
that, depending upon the characteristics, structure, or 

15 shape of the magnetic material, the magnetic field 

applied in the longitudinal direction can act to impede 
saturation of the reversed magnetization. 

Next, Fig. 6 shows magnetization curves obtained 
when the magnetic film escchange- coupled f liens 

20 consisting of a magnetic film with the easy axis of 

magnetization along the perpendicular direction and a 
magnetic film with greater longitudinal magnetic 
anisotropy than the foregoing magnetic film. The film 
structure of the magnetic film is such that a film of 

2 5 Gd^gFeg^ is formed in the thicKness of 30 nm on an Si 

substrate, a film of Fe is formed in the thickness of 1 
nm thereon, and a film of Pt is foxmed as a protective 
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layer ±n tlie tliiclmess of 2 nm thereon* A soXid Xine 
xndxcates a magnetisation cuxrv-e wiiexre tlie magnetic 
field is applied only xn the perpendicular direction, 
and a dashed line a magnetization curve where the 
5 magnetic fields are applied simultaneously in the 
perpendicular direction and in the longitudinal 
direction. The perpendicular magnetic £ilm exchange- 
coupled with the magnetic film having the longitudinal 
magnetic anisotropy decreases its apparent, 

10 perpendicular magnetic anisotropy and thus decreases 

the coercive force. Further^ the longitudinal magnetic 
film rotates its magnetization relatively easier 
through application of the magnetic field from the 
longitudinal direction, and the torque acting thereon 

15 becomes maximum when the angle is (ti/4) rad between the 
direction of magnetization and the direction of the 
magnetic field applied. When the magnetic field is 
applied from tiie direction inclined at the angle of 
(te/4) rad. to ttie exchange -coupled films as describe<a 

20 above, the magnetisation in the longitudinal ma.gnetic 

film is rotated by the lower applied magnetic field, 
and the magnetization in the perpendicular magnetic 
film exchange -coupled therewith is readily reversed 
into the direction of the magnetic field applied in the 

25 perpendicular direction. This phenomenon becomes most 
prominent with application of the magnetic field from 
the direction inclined at {n:/4) rad from the easy axis 
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Of magnetization, but even with some deviation farom 
this angle, it is feasible to reverse tlie magnetization 
by a weaker magnetxc field tlian tliat upon application 
of th.e magnetic field only in tlie direction of easy 
5 magnetization- A metiiod o£ applying tiie magnetic 

fields in this case can be a method of simultaneously 
applying the magnetic fields in the longitudinal 
direction and in the perpendicular direction and 
setting a ratio of intensities of the magnetic fields 

10 to 1, which permits application of the resultant 

magnetic field from the djLirection inclined at (tc/4) 
x-ad. Of course, a magnetic material may be positioned 
so as to apply the magnetic field from the direction 
inclined at tl/A^ or a conductor line may be arranged so 

15 as to apply the magnetic field from that direction. 

It is also feasible to decrease the magnetization 
saturation magnetic i^ield further, by stopping the 
application o£ the magnetic field in the longitudinal 
di:rect:xon when ttie suhstantlal arevex-sai of tilie 

20 magnetization is achieved in the perpendicular magnetic 
film. 

The above descrihed tlie magnetic field applying 
methods for single -layer magnetic films and two -layer 
exchange-coupled films, but the magnetization reversal 
2 5 methods of the present invention are also valid for 
thjree or more-layer exchajQge- coupled films and also 
valid for multilayered films stacked through a 
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nonmagnetxc film like tlie magnetojresisiiive films or tiie 
like. Partic-u.lax*ly, in the structure wherein the 
magnetic films are of multilayered structure and. are 
magnetically couplecL with each other, for example, in 
5 the case of a magnetoresistive film in which a layer 
with large coercive force and. a layer with relatively 
small coercive force are stacked through a nonmagnetic 
layer, on the occasion of reversing the magnetization 
in the layer with the smaller coercive force, the 

10 magnetization reversal magnetic field might be 

appaorently greater because of magnetic coupling force 
from the layer with the large coercive force- In such 
multilayered film structure, the magnetization reversal 
method of the present invention can be applied more 

15 effectively. 

Tlxe magnetic field applied to the magnetic film 
may be a floating magnetic field from another magnetic 
mateirial or may be a. magnetic f±©ld created by 
supplying an electric cnrrent to a conductor line* 

2 0 However, in applications whejrein the magnetoresistive 

film is used for memory devices in the MRAM or the like 
and the magnetic field is applied to the memoiry 
devices, it is preferable to utilize the magnetic field 
generated by supply of the electric current to 

25 conductor lines, i.e, , write lines, because it is 
necessary to quickly reverse the directions of the 
magnetic field applied in the perpendicular direction. 



- 28 - 



An example of an information jrecording/reproducing 
metliod of MRAM will be a.fescx:itoed. briefly herein with, 
reference to Figs^ 7A to 7D, By maJcing use of suchi 
nature tlxat tlie electir±c resistance of tlie 
5 magnetoresistive filjn is relatively small witli 

magnetization Erections of two magnetic layers 31, 34 
being parallel but tbe electric resistance is 
relatively large witb tbe magnetization directions 
being antiparallel , tbe roagnetic layer 34 located below 

10 a nonmagnetic layer 33 is used as a recording layer, 
tiie magnetic layer 31 located above tHe nonmagnetic 
layer 33 as a readout layer, tbe downward, magnetization 
direction in the recording layer is defined as "1", and 
the upward magnetization direction as "O", In the 

15 recording state of "O" the magnetic field is applied so 
as to make the magnetization direction upward in the 
readout layer and thereafter the magnetic field is 
applied so as to maKe the magnetization direction 
downward in the readout layers whereupon the electric 

20 resistance of the magnetoresistive film changes to a 
larger value. Thus "O" can be read out from this 
change. However, the magnetic field applied during the 
readout should be set so as to be too weak to vary the 
magnetization direction in the recording layer. When 

25 the magnetization direction in the readout layer is 

upward and when the magnetization direction in the 
recording layer is downward as shown in Fig. 7C, the 
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electx-lc resistance is relatively large* Wlien tJne 
magnetization directions in tlie two magnetic layers are 
downward, as sliown in Fig. 7D, the electric resistance 
is relatively small. Accor(3.ingly , when "1" is 
5 recorded, the execution of the reading openration 

results in varying the electric resistance to a smaller 
value and this enables readout of "1". By applying the 
above -stated magnetization reversal method to the 
memory devices used in the MRAM, it becomes feasible to 

10 decrease values of electric current necessary for the 
reversal of magnetisation. 

The magnetoresistive devices used in the MRAM can 
foe constructed in such structure that the magnetic 
films have their respective magnetisation reversal 

15 fields different from each other and in such setting of 
physical property values or the likie that the magnetic 
film with the larger magnetization reversal field 
reverses its magnetization upon simultaneous 
application of tbe magnetic field xn the direction of 

20 easy magnetization and in the same intensity as the 

magnetization reversal magnetic field of the magnetic 
fiint with the smaller magnetization reversal field, and 
the magnetic field inclined from the easy axis of 
magnetization, or in such setting of physical values 

2 5 tiiat tiie magnetic film with the smaller magnetization 
saturation magnetic field reverses its magnetization 
upon application of t3ne magnetic fields in the 
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direction of easy magnetxzation and In ttie direction 
Inclined fr-om the easy axis of magnetisation but tiie 
other magnetic film does not reverse its magnetization 
upon application of the foregoing magnetic fields. The 
5 details will be described in the embodiments described 
hereinafter . 

Fig- 31 shows a configuration example of memory 
cells in which the magnet ores is five film having the 
perpendicular magnetic films is used for memory 

10 devices* Numeral 1 designates a semiconductor 

substrate, 2 source regions, 3 drain regions, 30 memory 
devices ( magnet oresistive film), 10 write lines, and 4 
gate electrodes • 

The preferred embodiments of the present invention 

15 will be described hereinafter. It is, however, noted 
that the present invention is by no means intended to 
be limited to these embodiments. 
Emb o dimen t s 
(Embodiment; 1 ) 

20 Fig. 8 is a conceptual drawing to show a 

magnetization reversal method of the present 
embodiment- Electromagnets 51 to 54 are arranged above 
ana below and left and right of a magnetoresistive film 
30 having the structure in wbich a nonmagnetic film is 

2 5 placed between magnetic films having the easy axis of 
magnetization along the perpendicular direction, and 
magnetic fields are applied in tiie direction of easy 
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magnetization, i»e., in the perpendiculajr direction and 
in a direction inclined from the easy axis of 
ma-gnetization , i.e., in the longitiadinaJL dizrection 
herein- The upper aixd lower electromagnets 51, 52 are 
5 connected to one power supply and generate a magnetic 
field in the same direction. The same also applies to 
the left and right electromagnets 53 and. 54. Fig. 9 
shows the film structure of the magnetoresistive film 
30 . The magnetoresistive film is deposited on an Si 

10 wafer 900 with an oxidized surface and consists of 

continuously deposited films of a Gd^gFeg-L film 901 in 
the thickness of 20 nm, a Cu film 902 in ttie thickness 
of 5 nm, a Tb2iFe75 film 903 in the thicJcness of 20 nm, 
ana a Pt film 904 in the thickness of 2 nm as a 

15 protective layer. The Gd^gFeg^ film 901 and Tb2aFe79 film 

903 are f errimagnetic materials and the sublattice 
magnetization of Fe is dominant in the both films . 

In each single layer* the magnetization saturation 
magnetic field of the Gd.jLgFegi f±lm 901 was 12 3cA/m, and. 

2 0 the magnetization satnaration magnetic field of the 

Tb^iFe-^g film 90 3 1.4 MA/m. 

An unrepresented circuit is provided for measuring 
the electric resistance of the magnetoresistive film 30 
by the series four- terminal method, to monitor states 

25 of magnetization reversal by change of the electric 
x-es-Lstance . Tlie intensity of the magnetic field 
applied in the perpendicular direction to the 
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magnet ox-esxstive film 30 can t>e vairied in the range of 
0 to 15 kA/m and the d.iirection of application of the 
magnetic fieXd can also t»e ^reversed.. The intensity of 
the magnetic field applied in the direction inclined 
5 from the easy axis of ma-gnetization , e.g* , in the 

longitudinal direction is fixed at 4 IcA/m and the 
direction of application thereof is also fixed. 

The magnetic field of 2 MA/m was first applied in 
the perpendicular direction to the magnetoresistive 

10 film 30 to align the magnetization in one direction* 

After that, the vertical magnetic field was applied in 
the range of 0 to 15 kA/m in the perpendicular 
direction while the magnetic field of 4 3cA/m was 
applied in the longitudinal direction. This yielded a 

15 magnetic resistance curve shown in Pig. 10. Since the 
magnetization saturation field of the Th2iFe7g film 90 3 
is considerably large as 1,4 MA/m, the change of 
magnetic resistance is considered to be due to the 
reversal of magnetization in ttie Gdj^^Fsg^ film. 901. The 

20 magnetization saturation field of the GdigFegi film 901 
read from the magnetization curve was 12 3cA/m, whereas 
that read from the magnetic resistance curve about 9 
'KA/m, It is thus seen that the magnetization 
saturation field is reduced by about 3 kA/m because of 

2 5 the application of the magnetic field in the 
longitudinal direction . 

As described above, it is feasible to being the 
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magnetiza-tion into saturation by tlie lowei: magnetic 
field in tiie case of the simultaneous application of 
tiie magnetic fields in tUe direction of easy 
magnetization and in the longitudinal direction than in 
5 the case of application of the magnetic field only in 
the direction of easy magnetization. 
( Embodiment 2 ) 

Fig- 11 shows the film construction of the 
magnetic films in the present embodiment. The 

10 magnetoresistive film was made by continuously 

depositing a Gd^iFe^^ film 1111 in the thiclcness of 50 
nm, a Oo^qF^^q film 1112 in the thickness of 1 nm, a Cu 
film 1113 in the thickness of 5 nm, a Tt^^^W^^^ film 1114 
in the thickness of 20 nm, and a Pt film 1115 in the 

15 thickness of 2 nm as a protective layer on an Si wafer 

1110 with an oxidized surface, and the magnetic 
resistance cuirve thereof was measured in the same 
manner as in Embodiment 1. The magnetic films 1111, 
1114 herein have tbe dix-ectiori of easy magnetization 

2 0 along the perpendicular direction- Ttie G^^^jFe^j^ film 

1111 is a f errimagnetic material and the sublattice 
magnetization of Fe is dominant therein. The Co^qF^^q 
film 1112 is a magnetic film with greater longitudinal 
magnetic anisotropy than the Gd^iFe^^ film 1111 and is 

25 eacchange-coupled with the Gda^F^vg film 1111- However, 

the magnetization of the Ca^^Fet^Q film 1112 is directed 
along the perpendicular . direction in the magnetic field 
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of zero. Tlie magixet:±2at±on satixr:a.t:xon magnetic field 
of th.e exchange -coupled films is 13 kA/m fx*om ttie 
magnetization curve obtained upon application of only 
the magnetic field from the perpendicular direction. 
5 Fig* 12 shows the result of measurement to measure 

the magnetic resistance curve upon application of the 
magnetic fields in the perpendicular direction and in 
the longitudinal direction to the magnetic films in the 
same manner as in Embodiment 1- The applied magnetic 

10 fields were the magnetic field applied in the 

longitudinal direction and the magnetic field applied 
in the perpendicular direction. The resultant magnetic 
field was varied from ti:/2 to the final magnetic field 
applied only in the perpendicular direction. It is 

15 verified from the result of this measurement that the 
magnetization saturation field of the exchange -coupled 
films of the Gd2iFey3 film 1111 and the COgoFeso film 1112 
is 6 IcA/m and it is also seen that the magnetization is 
saturated by the lower magnetic field, 

20 By applying the magnetic fields in the plurality 

Of directions, i.e., applying the first magnetic field 
in the perpendicular direction and the second magnetic 
field in the longitudinal direction to the magnetic 
films and positively gradually decreasing the magnetic 

25 field from the direction making the greater angle to 

the direction of easy magnetization, i.e,, the second 
magnetic field as in the present embodlinent , it becomes 
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to decrease the magnetic field necessary for 
the reversai of magnetization more. 

In the present enibo<i±meTit the two magnetic fields 
were applied from the directions making the angle of 
5 Tc/2, i.e., from the perpendicular direction and the 
longitudinal direction, but the directions of the 
magnetic fields are not limited to this specific 
combination. There remains a portion affected by the 
magnetic field with the greater angle to the easy a:5cis 

10 of magnetization even after the magnetization of the 
magnetic film has been directed to some extent in the 
perpendicular direction, as described previously, but 
it can be overcome by first stopping the application of 
the magnetic field with the greater angle to the easy 

15 axis o£ magnetization and thereafter stopping the 
magnetic field with the smaller angle* 
( Embodiment 3 ) 

Tlxe present embodiment presents a magnetization 
reversal method of the magnetic films in tbe MRAM. 

20 Fig. 13 is a cross -sectional view of a magnetic memory 
stiructure. Fig 14 is a schematic diagram showing a 
cross section of the magnetoresistive film. 

On an Si wafer 1311 with a surface oxidized to the 
depth of about 1 pm, the magnetoresistive film is made 

25 by continuously depositing an AI5QCU50 wiring layer 1411 
in the thickness of 25 nm as a lower electrode, a 
^Y\3^^si film 1412 in the thickness o£ 30 nm and a 
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COsoFegp layer 1413 in th.e thickness of 1 nm as a 
detection layer, an Al^Oj film 1414 in tixe tliiclcness of 
2 nm, a DyigFegj^ film 1415 in tlie ttiickness of 10 nm as a 
recoird-ing layei:^ and a Pt film 1416 in ttie tiiickness of 
5 5 nm as a protective layer* A resist film is formeci in 

a desired shape on the magnetoresistive film and dry 
etching is carried out several times to form a 
plurality of devices a, b, c of the magnetoresistive 
film and etch the SiO^ film 1312 partially to the depth 

10 of 0*5 pm- After that, an AI2O3 film 1313 is deposited 
as an insulating layer in the thickness of iOO nm and, 
sut^sequent thereto, an Al film 1314 is deposited as 
wiring lines for generating the magnetic field in the 
perpendicular direction, in the thickness of 1 pm. 

15 Then removed are the resist formed over the devices and 
the AI2O3 film and Al film deposited thereon. Then the 
exposed surfaces of ttie Al films are oxidized t»y plasma 
oxidation to form AI2O3 insulating films 1315. After 
that, an Al upper electrode 1316 is made by the lift- 

20 off method and tiie s\i3rface thereof is covered hy AI2O3 

insulating film 1317. Further, Al lines 1318 are 
formed in the thickness of O , 5 vmi as lines for 
generating the magnetic field in the longitudinal 
direction, by the lift-off method. 

25 The area of each device produced was 1 jm x 1 pm 

and the width of the Al lines being the write lines for 
generating the magnetic field was 1 pm. When the 
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electric current ±s supplied in the current density of 
50 mA/iim^ to ttte Al wires £or applying tiie magnetic 
field, the magnetic field of about 3,5 kA/m is applied 
in the perpendicular direction £rom one line to each 
5 device and the magnetic field of about 6 'kJ^/m is 

applied thereto in the longitudinal direction- 

Let us expiain a method of reversing the 
magnetization while selecting only the magnetic film of 
the device b. Electric currents of opposite directions 

10 are supplied to the Al lines x and y so that the 

magnetic field of the same direction is applied to the 
device b in the perpendicular direction, i.e. , in the 
direction o£ easy magnetization from the plurality of 
magnetic field applying means. For example, let us 

15 suppose that at this time the magnetic field in the 
intensity of 2 Hn is appiied to the device in the 
perpendicular direction. At the same time as it, an 
electric current is supplied to the Al line a to apply 
the magnetic field in the intensity Hi in the 

20 longitudinal direction to the device b. In this 

setting there is no device except for the device b to 
which the magnetic field in the intensity of Hi in the 
longitudinal direction and the magnetic field in the 
intensity of 2 Hn in the perpendicular direction are 

25 applied simultaneously. Accordingly, the magnetization 

can be reversed in only the magnetic film of the device 
b by appropriately selecting the intensities of these 
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niagnet±c fields, wliich . permits a specific memory device 
to be selected. 

Xxi t]:ie piresent embodiment tbere were tlie new 
conductor lines for the magnetic field applied in the 
5 longitu-dinal diirection, but otber lines, e.g., bit 

lines or the like can also be used as tbe conductor 
lines for tiie longitudinal magnetic field in the case 
of the MRAM- This configuration is preferable, because 
the devices can be constructed in compact size and the 
10 fabrication process is also simpler. When the lines 

between the meraoary devices are shared between adjacent 
devices, the devices can be constructed in more compact 
size , 

( Embodiment 4 ) 

15 The present embodiment illustrates the MRAM in 

which the memoiry devices ( magnet ores is tive film) used 
in Embodiment 3 are arrayed in a matrix of three rows 
and three columns. Fig- 15 is an equivalent circuit 
diagram of tbe pjresent embodiment, Rll to R33 denote 

20 the memory devices arrayed in the matrix and Til to T33 
transistors. Solid lines indicate a circuit for 
detecting change in resistance of the magnetoresistive 
film and dashed lines a circuit for generating the 
magnetic fields applied to the memory devices. Pig- 16 

2 5 ±s a. cross -sectional view schematically showing a 
portion aaround one device. Numeral 1 designates a 
substrate, 10 a w^rite line for applying the magnetic 
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field ±n the perpendicular direction, 4 a gate 
electrode, 12 a source electrode, 13 a drain electrode, 
2 a source region, 3 a drain region, 5 a. local line, 
amd 6 a bit line. Numerals 501 to 505 represent 
5 contact plugs , 7 a write line for applying tiie magnetic 
field in tiie longitudinal direction, 8 an insulating 
film, and 3 0 a memory device . 

Let us describe below a metnod of selectively 
reversing tlie magnetization in any desired device in 

10 tbis MRAM, Here an electiric current supplied from 

power supply 802 generates tHe magnetic field applied 
in tbe direotion inclined from tbe easy axis of 
magnetization to tbe magnetoresistive film, whicb is 
prefer-ably tbe longitudinal dix-ection. An electxic 

15 current supplied from power supply 803 and power- supply 

804 generates tbe magnetic field applied in tbe 
direction of easy magnetization, i,e., in tbe 
perpendicular direction to tbe memory devices . Let us 
explain a case of selectively ^reversing tbe 

20 magnetization in tbe memory device R22, for example. 
In order to apply tbe magnetic field in tbe 
longitudinal direction to tbe memory device R22. a 
transistor 732 is switcbed on. As seen from tbe 
figure, tbe magnetic field is also applied in tbe same 

2 5 intensity and in tbe longitudinal direction to tbe 

memory device R21 a.nd to the memory aevice R23 at tbe 
same time as it. Furtber, a transistor 722 is switched 
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on to apply the magnetic field in the perpendiculax* 
dir-ection to the memorY device R22, The magnetic field 
is also applied in the same intensity and in the 
perpendicular direction to the memory device R12 and to 
5 the memory device R32 at the same time as it. it is, 
however-, necessary to change the direction of the 
magnetic field applied in the pezrpendictilar dir-ection , 
depending upon to which direction the magnetization is 
directed in the magnetoresistive film. This is 

10 achieved by changing the polar-ity of the voltage 

applied to this conductor- line. For example, 
transistor 741 and transistor 742 are switched on for 
applying the magnetic field in the perpendicular 
downward direction, whereas transistor 751 and 

15 transistor 752 are simultaneously switched on for 

applying the magnetic field in the perpendicular upward 
dijrection- Through the above opearation the magnetic 
fields are applied both in the longitudinal direction 
and in the perpendicular direction to only the memory 

20 device R22- On this occasion^ it becomes feasible to 

apply the magnetic field in an anrbitrary intensity from 
an aorbitrary direction, by properly changing the value 
of electric current in the conductor line for applying 
the magnetic field in the perpendicular direction and 

25 the value of electric current in the conductor- line for 

applying the magnetic field in the longitudinal 
direction. For example, an application way is such 
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tiiat ttie magnetic field in ttie longitudinai dix^ection 
is fizrst: applied, the intensity of tlxe magnetic field 
in tlie perpendicular direction is gradually increased 
to clnange tiie direction of tlie resultant rnagnetic field 
5 from ttie direction of n/2 gradually to the 

perpendicular direction relative to tiie longitudinal 
direction, i.e., the direction of easy magnetization of 
the perpendicular magnetic film^ and the application of 
the magnetic field in the longitudinal direction is 

10 finally stopped^ thereby applying the magnetic field 
only in the perpendicular direction. Smooth reversal 
of magnetization is achieved by gradually changing the 
direction of the resultant magnetic field, so as to 
enable decrease of the magnetisation reversal magnetic 

15 field, thereby making it feasible to decrease the 
electric current values supplied to the lines and 
achieve power saving of the magnetic memory. 

A means fox- changing the intensity and direction 
of the resultant magnetic field herein is one for 

2 0 controlling intensities or application times of the 

magnetic fields in the direction of easy magnetization 
and in the direction inclined therefrom, so as to be 
able to control the intensity and direction of the 
resultant magnetic field readily. For example, in Fig, 

2 5 15, such means can be a circuit for controlling the 

timing when the transistors 721 to 723, 731 to 733 are 
switched on^ or a configuration wherein the supply 
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voltage, which, is constant in the figur-e, is configuredL 
as a variable power supply and there is provided a 
circuit for controlling the voltage thereof • 

However, concerning the magnetization reversal in 
5 recording/reproduction of information in the MRAM and 
the nice, if the memory is provided with the means for 
varying the intensities and directions of the magnetic 
fields on occasions to he applied, peripheral circuitry 
can become complicated- Accordingly, there is no need 

10 for change in the intensities and directions of the 
magnetic fields positively in this case, and it is 
preferable in such case to set the physical proper-ty 
values etc. of the memory devices so as to select a 
specific memoiry device by simultaneously applying the 

15 magnetic fields in the dizrection of easy magnetisation 

and in the direction inclined from the easy axis of 
magnetization . 

When the magnetizations of the magnetic films 
above and below the nonmagnetic film in the 

2 0 magnetoresistive film are such that the direction of 

the magnetization is fixed in one magnetic film and the 
direction of the magnetization in the other magnetic 
film can be reversed by the magnetic field applied 
thereto, the magnetization in one magnetic film is 

25 revezr3ed by the magnetic field in the perpendicular 

direction, i.e., in the direction of easy magnetization 
and the magnetic field in the longitudinal direction. 
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and the magnetization ±n the othei: layer- ±s not 
reversed by these magrnetic fields • In this 
conf igiiration , ^the magnetisation reversal is effected 
in oniy the memory device R2 2 by the above -stated 
magnetic field applying method. When the devices are 
made of the magnetoresistive film of the coercive force 
difference type and when the readout layer with the 
relatively low coercive force is one the magnetization 
of which can be reversed by only the magnetic field 
applied in the perpendicular direction, the 
magnetization of the readout layer is also reversed in 
the memory device K12 and in the memory device R32, in 
addition to the memory device R22, by the above 
operation- However, the reversal in the recording 
layer occurs only in the memory device R22. Namely, 
information is recorded only in the memory device R22, 
which results in enabling selection of a specific 
memory device . 

In the case of the. magnetoresistive film of this 
type, the magnetic field applied dxrring readout can be 
only one in the perpendicular direction. Further, in 
the case wherein the magnetization reversal of the 
readout layer in the magnetoresistive film necessitates 
application of the magnetic fields botb in the 
longitudinal direction and in the perpendiculazr 
direction, the mi^gnetizarion reversal occurs only in 
the memory device R22^ and, in order to prevent the 
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reversal of magnetizatxon ±n ttie recording layer during 
readout, ttie voltage of tUe power supply 803 and tlie 
power supply 804 or tlie voltage of the power supply 802 
slioulci be set preferably smaller tlian tliose during 
5 recording, thereby decreasing the intensities of 

generated magnetic fields. In this case, physical 
property values are prefer-ably set so that the 
magnetization of one magnetic film is reversed by the 
magnetic field in the direction of easy magnetization 

10 and the magnetization of the other magnetic film is 

reversed by the magnetic field in the direction of easy 
magnetization and the magnetic field in the 
longitudinal direction , 

The readout operation will be described below ♦ 

15 For example, for reading information recorded in the 
memory device R22, the transistor 712 and transistor 
T22 are switched on* This establishes a circuit in 
which the power supply 801, fixed resistor 300, and 
memory device R22 are corniected in series. 

2 0 Accox-dingly , the supply voltage is divided into the 

respective resistors at a rate of the resistance of the 
fixed resistor 30O and the resistance of the memory- 
device R2 2- Since the supply voltage is fixed, change 
in the resistance of the magnet ores is tive film results 

25 in varying the voltage applied to the magnetoresistive 
film according to the change* Values of the voltage 
are read by sense amplifier 900, There are two 
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principal readout methods herein . The first method is 
a method of detecting the magnitude of the voltage 
applied to the magnet ores is tive film and discriminating 
information by the magnitude , which will be referred to 
as absolute detection. The second method is a method 
of changing only the direction of magnetization in the 
readout layer of the magnetoresistive film and 
discriminating infoxmation by a difference between 
changes of the voltages appearing thereupon. Suppose 
the voltage value is, for example^ decreased upon 
reversal of magnetization in the readout layer, this 
decrease is defined as "1". An increase of the voltage 
value on the other hand is defined as "0". This 
readout method is referred to as differential 
detection* 

It is a mattex* of course that either of the 
^readout methods may be applied to the magnetization 
reversal methods of the present invention. The MRAM of 
the piresent embodiment: caj:i be driven hy small power as 
described above . 
( Embodiment 5 ) 

In the present embodiment the MRAM using the 
perpendicular magnetic TMR devices will be described 
below in detail- Fig. 17 is a circuit diagram showing 
the structure of the part mainly associated with 
storage of information in the MRAM of the present 
embodiment- The MRAM of the present embodiment 
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incorpoirates memory cells Cll to C13, C21 to C23, C31 
to C33 arr^ayed in a matrix pattern of 3 x 3, bit lines 
BLl to BL3 being second write lines for both reading 
and writing, word lines WLl to WL3 for reading, and 
5 write lines WWLl to WWX.3 being fiirst write lines. The 
bit lines BLl to BL3 are routed in parallel to each' 
other and one for each row of memory cells. The word 
lines Wiil to WL3 are parallel to each other, 
perpendicular to the bit lines BLl to BL3 , and routed 

10 one for each column of memory cells • The write lines 

WWLl to WWL3 are parallel to each other ^ parallel to 
the word lines WLl to WL3, and routed one for each 
column of memory cells v The write lines WWLl to WWL3 
and the bit lines BLl to BL3 aire routed so as to be 

15 perpendicular to each other and electrically insulated 
at intersecting points by an insulating layer. 

Each of the memory cells Cll to C33 has a 
corresponding field effect transistor Til to T33 and a 
corresponding TMR element rll to r33 the electrical 

20 resistance of which varies based on selection of the 

magnetization direction of the ferromagnetic material . 
The TMR elements rll to r33 are perpendicular TMR 
elements of such structure that a thin aluminixm oxide 
film 0.5 to 2 nm thick: is placed between two layers of 

2 5 f errimagnetic materials having the easy axis of 

magnetization along the perpendicular direction (the 
direction of thickness) ^ The f errimagnetic materials 
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iiavxng tHe easy axis o£ magnetization along th.e 
perpendicular direction ( thictoess ) can be selected 
from materials containing either of gadolinium (Gd) , 
terbium (Tb), and dysprosium (Dy) , e.g., GdFe, GdFeCo, 
5 TbPeCo, DyPe, DyPeCo, and so on. In tbe TMR elements 
rll to r33. Information to be stored Is determined by 
tile magnetization diirection of a memory layer, wbicb is 
one of tile two magnetic layers . Since tiie 
magnetisation direction of tiie memory layer is retained 

10 witliout application of an exteirnal magnetic field over 
tbe reversal magnetic field, ttie TMR elements rll to 
zrSS act as nonvolatile memoiries - Since eacli of tlie *rMR 
elements rll to r33 lias different resistances between 
in a state in wiiicii tiie magnetization directions of tiie 

15 two magnetic layers are equal (parallel) and in a state 
JLn wtiicii ttie magnetization directions are opposite 
(antiparailel) ^ stored information is read out by 
detecting tiie diffex-ence between values of tunneling 
cxj-x-x-ent flowing ttLxroiigti tlie aXiim±.rLum oxide fllm. 

20 In tbe memory cell Cll, tlie dx-ain of tlie field 

effect tr-ansistox- Til is connected to one terminal of 
tbe TMR element rll. Likewise, in ttie memory cells C12 
to C33, tlxe djrain of tiie coirxe spending field effect 
transistor TX2 to T33 is connected to one terminal of 

25 tlie corresponding TMR element rl2 to r33. Tiie otiier 

ends of tiie TMR elements rll, rl2, zrlS are connected to 
ttie bit line BLX . LlKewise, tbe otiier teirminals of tiie 



- 48 - 



TMR elements r21, r22, r23 are connected to tlie bit 
line 'BZ.2. , and the otliex* terminals of tlie TMR elements 
r31, r32, r33 to tne bit line BL3. 

Tbe gate terminals of the field effect transistors 
5 Til, T21, T31 are connected to the reading word line 
WLl^ while the source terminals thereof are grounded* 
Likewise, the gate terminals of the field effect 
transistors T12 , T22, T32 are connected to another 
reading word line m^2 , and the gate terminals of the 

10 field effect transistors T13, T23, T33 are connected to 

still another reading word line VrL3 , the source 
terminals of those transistors being grounded. 

For supply of electric current in two ways, each 
of the write lines WWLl to WWl.3 is provided with a 

15 drive circuit connected thereto and composed of four 

field effect transistors Twll to Twl4, Tw21 to Tw24, 
Tw31 to Tw34- For supply of electric current during 
writing, each of the bit lines BLl to BL3 is provided 
with a drive ciarcuit connected thex-eto and composed of 

20 two field effect transistors Tbll to Tbl2, Tb2l to 

Tb22, Tb31 to Tb32, and a sense amplifier SAl , SA2 , SA3 
used during readout is connected to each bit line 
through a field effect transistor Tsl, Ts2, or Ts3. A 
reference potential is supplied to the other input of 

25 eacti sense amplifiex" SAl , SA2 , SA3 , 

The field effect transistors Twll. to Twl4, Tw21 to 
Tw24, TW31 to Tw34 are Switching devices. When the 
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field effect transistors opposite to each, other (e.g. , 
Tw21 and Tw24) are simultaneously switched on, an 
electric current can t)e made to flow in a cojrr*es ponding 
write line {WWL2 in tlie case of Tw21 and Tw24) , and 
5 this electric current makes an electric field applied 
in the peirpendiculaj: direction to the TMR elements 
(e.g., r22). 

The field effect transistors Tbll to Tbl2, Tb21 to 
Tb22, Tb31 to Tb32 are also switching devices. When 

10 the field effect transistors connected to a common bit 
line {e,g., Tb21 and Tb22) are simultaneously switched 
on, an electzric current can be made to flow in the bit 
line (BL2 in the case of Tb21 and Tb22) , and this 
electric current makes an electric field applied in the 

15 longitudinal direction to the TMR elements ( e . g . , r22). 

The above operation makes the reversal of magnetization 
feasible in the memory layer of the TMR element to 
which the peirpencLicular and longitudinal magnetic 
fields are simultaneously applied, thus enabling 

20 storage of information, i.e., the writing operation. 

The circuitry described above is formed on a 
semiconductor substrate ♦ 

The magnetic thin film memoiry device of the 
present embodiment is provided with a write drive 

2 5 circuit 11 being a control means for supplying the 

write current to the bit lines BLl to BIi3 and to the 
write lines WV7L1 to WWL3 , in addition to the above 
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configuration. Tli© vnrite drive cixrc-uit: 11 cirives ttie 
field effect transistors Twll to Twl4, Tw21 to Tw24 , 
Tw31 to Tw34, Tbll to Tbl2, Tb2I to Tb22 , TbSl to Tb32 
being the switching devices, so as to enable tlie above- 
5 stated writing operation. 

Fig. 18 is a circuit diagram siiowing tiie structure 
of tlie part mainly associated with, the readout of 
infontiation from the magnetic thin film memory device 
of the present embodiment - Described below is the 

10 operation for reading the information stored in the 

memory cell C22. 

A reading drive circuit 12 turns the field effect 
transistor Tb21 on and turns the field effect 
transistors Ts2, Tb22 connected to the sensor amplifier 

15 SA2^ off, thereby applying a fixed voltage through Tb21 

to the bit line BL2 . In this state a voltage is 
applied to the reading word line WIj2 to turn the 
device -selecting transistors T12 to T32 on, whereupon 
an electric current flows through the TMR element: r2 2 

20 to lower the potential of the bit line BL2. An amount 
of this potential drop is determined by the on -state 
resistance of the field effect transistor Tb21, the 
resistance of the TMR element r22, and the on-state 
resistance of the transistor T2 2 and is thus dependent 

25 upon tlie resistance of the TMR element r22- 

By switching the field effect transistor Ts2 on, 
the potential of the bit line BL2 is supplied to the 



sense amplifier SA2 to be compaired witti the ref eirence 
potential Ref . 

A state in wiixcb. tile potential of ttie iDit line BL2 
is iiigtier tUan the reference potential Ref means that 
the magnetization directions of the two magnetic layers 
constituting the TMR element are antipax-allel , whereas 
a state in which the potential of the hit line BIx2 is 
lower than the reference potential Ref means that the 
magnetization directions of the two magnetic layers 
constituting the 'PMR element are parallel* As 
described above, the hit lines BLl to BL3 being the 
second wirite lines are also used as the read lines. 

Fig* 19 is a cross -sectional view showing the 
structure of the magnetic thin film memoxy device of 
the present embodiment. As shown in Fig. 19, formed on 
a p-type silicon substrate 1 are buried device 
isolating regions 11 of SiOj, n-type diffusion regions 2 
(sources) and 3 (drains) of the field effect 
-tir&xisistor'S Til to T33 functioning a.s switching 
devices, gate insulating films 22 of SiO^. and gate 
electrodes 4 of polysilicon . Further provided thereon 
are the write lines 10, local lines 5, TMR films 30, 
and bit lines 6 - The gate electrodes 4 of polysilicon 
are connected to either of the word lines WLl to WL3 
shown in Fig. 17. 

The T^^R film 30 corresponds to either of the TMR 
elements rll to r3 3 of Fig. 17, the bit line 6 to 
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e±ttier' o£ the bit lines BLl to BL3 of Fig. 17. and the 
write line 10 to either of the write lines WWLl to 
WWL3 . The local line 5 is made of TIN and connects the 
drain of the field effect transistor to one tenriina.1 of 
5 the TMR layer 30. The bit line 6 is made of 
Ti/AlSiCu/Ti- 

The write line 10 is disposed in the vicinity of 
the TMR layer 30 and a little below the TMR layer 30. 
Namely, the write line 10 is routed at a position wliere 
10 it does not overlap with the TMR layer 30 in the stack 
direction of the TMR layer 30 and in parallel to the 
longitudinal direction of the TMR layer 30. When an 
electric current is made to flow in either of two ways 
through the write line 10, an upward or downward 
15 ma-gnetic field is applied to the TMR layer 30- 

Since the bit line 6 is routed ixninedia.tely above 
the TMR layer 30 and in parallel to the longitudinal 
direction of the TMR layer 30, an electric current 
flowing in tiie t>it: line 6 gre:nera-t&s a ma.giiet:xc field, in 
20 the longitudinal direction to the TMR element. Namely, 

the write line 10 is routed so as to be closer to the 
p-type silicon substrate 1 than the bit line 6. 

During storage of information, the longitudinal 
magnetic £iel<a is applied simultaneously witti the 
25 magnetic field generated by the write line 10, whereby 
the memory layer of the TMR film 4. is magnetized in the 
aizrection of the magnetic field generated by the 
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elect r*±c current flowing in tiie write line 10 * Tlie 
direction o£ the longitudinal magnetic field can be 
arbitirarily selected from those in the plane of the TMR 
layer 30. Accordingly, a condition to be met herein is 
that the longitudinal magnetic field is always 
generated in a fixed direction, regardless of the 
direction of the magnetic field generated by the 
electric current flowing in the write line 10. Namely, 
the electric current to be supplied to the bit line 6 
is the electric current of one direction and thus the 
drive circuit connected to the bit line 6 can be 
constructed in the simplified form consisting of only 
two field effect transistors, as shown in Fig. 17. 
During the readout of information, the field effect 
transistor is turned on to make the electric current 
flow through the bit line 6 to the TMR layer 30, 
whereby the potential of the bit line 6 is lowered to a 
level according to the resistance of the TMR layer. 

In the MRAM of the present embodiment , as 
described above, the perpendicular magnetic field and 
the longitudinal magnetic field are simultaneously 
applied to the perpendicular TMR element on the 
occasion of writing information in the perpendicular 
TMR element comprised of the magnetic layers having ttie 
easy axis of magnetization along the perpendicular 
direction. For that reason, the magnitude of the 
electric current flowing in the write line can be 
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lairgelY deer-eased • By also using one of two write 
Ixnes as a read line, the number of lines necessairy for 
driving of a memory cell can "be reduced, from 4 to 3 * 
Furttier^ since the direction of ttie longitudinal 
magnetic field can be always fixed in on© direction, 
the structure of the dirive circuit for genex-ating the 
longitudinal magnetic field can be simplified. 

There are two conceivable settings as to physical 
property values of the magnetic films in the 
magnetoresistive film herein. In one setting, the 
magnetization jrevezrsal magnetic fields of the magnetic 
layers placed on the both sides of the nonmagnetic film 
ax-e made different from each other, the film with the 
larger magnetization ^reversal field is set so as to 
x-everse the magnetization by applying the magnetic 
fields made by the write line and the bit line ^ and the 
other film is set so as to reverse the magnetization by 
applying only the magnetic field made by the write 
line. In the other- setting, the film with the greater 
magnetization reversal field is set so as not to 
reverse the magnetization, but. only the other film is 
set so as to reverse the magnetization, duxing the 
writing operation by the write line and bit line. The 
former can be used in the both absolute detection and 
differential detection and is effective, particularly, 
in the differential detection, and the latter is 
effective in the absolute detection ♦ 



Alttiough "tiie MRAM of the present embodiment was 
arr-anged In sue!:! structure tiiat tlie bit line 6 was 
placed xmrnediately above ttie TMR layer 30 and ttie write 
line 10 below tbe bottom surface of tiie lower magnetic 
layer of the TMR layer 30, the locations thereof can be 
determined without having to be limited to those 
positions; e.g., the bit line 6 may be located 
Immediately below the TMR layer 30 and the write line 
10 may be located above the upper surface of the upper 
magnetic layer of the TMR layer 30* In order to apply 
the magnetic field efficiently to the TMR element, the 
write line 10 is desirably routed on the same plane as 
the TMR layer 30 if it satisfies restrictions on the 
layout of the memory cells, as shown in Fig. 20. 
( Embodiment 6 ) 

The present embodiment presents another structural 
example of the MRAM. Fig. 21 shows the structure of 
the MRAM of the present embodiment . Portions withont 
any ref eirencie symbol are basically in-sulators . On a 
substrate 1000 there are memory devices Rll to R32 each 
consisting of a first magnetic layer, a nonmagnetic 
layer, and a second magnetic layer ^ ana bit lines 61 to 
63 are provided above those memory devices* Plug 
electrodes 50 are pirovided below the memory devices • 
Ends of the plug electrodes 50 may be connected to 
drain electrodes of field effect transistors, not 
shown, so as to construct an active matrix structure. 
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or lower bit ixnes may be provided at tbe ends of plug 
electrodes 50 so as to be perpendicular to tbe upper 
bit lines, thereby constructing a simple matrix 
structure, as sbown in Fig. 22- The plug electrodes do 
not always have to be provided. 

Write lines 101^ 102 are provided so as to be 
perpendicular to the bit lines through an insulating 
film in the vicinity of the memory devices- The memory 
devices have the finest magnetic layer and the second 
magnetic layer constituting the magnetoresistive film^ 
and the two magnetic layers are magnetized both in the 
perpendicular direction , 

The magnetor-esistive film is one of the structure 
in which the first magnetic layer and the second 
magnetic layer are stacked with the nonmagnetic layer- 
in between, and will be described nsing an example of 
the spin tunneling film structure nsing an insulator as 
the nonmagnetic layer herein* It is ^ however, noted 
that the magnetoresistive film is not limited to this 
example - The first magnetic layer and the second 
magnetic layer have their major magnetization direction 
along the perpendicular direction and are preferably 
those having the easy axis of magnetization along this 
direction * 

These magnetic layers are preferably alloys of a 
rare earth element and an iron-group element (RE-TM) 
and, specifically, is preferably selected from GdFe, 



- 57 - 



GdFeCo, TbFe, Tt>FeCo, DyFe, DyFeCo, and so on. In 
add±t±on to these, tiie magnetic layers may also be 
selected from PtCo , PdCo, CoCjt, etc. and can be any 
material tlnat has tlie major magnetization direction 
along tHe perpendicazlar direction, witliont having to be 
limited to these examples. However, tJie xrare eartti- 
iron groxip alloys are more desirable, because ttiey are 
amorphous at room temperature and produce no grain 
boundary noise or the like, which is encountered in use 
of a crystal body, so as to reduce electric noise . 

It is also desirable to interpose a magnetic layer 
having a large resistance change rate and being 
magnetically coupled with the first magnetic layer or 
the second magnetic layer, between the first magnetic 
layer and the insulating layer and/or between the 
second magnetic layer and the insulating layer - 
Examples of this magnetic layer are Fe , Co, CoFe, and 
so on. The magnetic coupling can be conceivably either- 
of exchaxige coupling and static ina.gnetic coupling, 
either of which can be applied. However, it is 
desirable to utilize the exchange coupling. 

Reproduction is effected by utilizing the 
phenomenon in which, when an electric current is 
supplied perpendicular to the film surface, electrons 
migrate from the first magnetic layer into the second 
magnetic layer t)eca-use of the tunneling phenomenon. 
Since the tunneling phenomenon occurs with the 
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conductxon electrons maintaining tiieix spins In t]ie 
magnetic films, tiie probability of tunneling electrons 
varies depending upon ttie magnetization states o£ the 
two magnetic layers, wnicli appears as a change o£ the 
electric resistance. Accordingly, the resistance of 
the magnetoresistive film in the stack direction 
differs depending upon relative angles between the 
magnetizations o£ the first magnetic layer and the 
second magnetic layer. More specifically, the 
resistance is low in a parallel state of 
magnetizations, but the resistance is high in an 
antiparallel state of magnetizations. The larger the 
difference between state densities of upward spins and 
downward spins, the higher the resistance and the 
greater the reproduced signals are obtained. 
Therefore, it is desirable to use magnetic materials 
with high spin polar iz ability for the upper and lower 
magnetic layers above and below the insulating layer - 
For eicample, such materials can be selected from 
materials containing Pe and/or Co or the like with 
large polarization levels of upward and downward spins 
on the Fermi surface, as major components. 

The thicknesses of the first magnetic layer and 
the second magnetic layer are desirably not less than 2 
nm nor more than 50 nm. The reasons are as follows, 
in the range wherein the thicknesses of the magnetic 
layers are less than 2 nm, the volumes of the first 



magnetic layer and the second magnetic layer become 
smaller with decrease in the size of the memory devices 
to the submicron order, and the perpendicular magnetic 
anisotropy energy o£ each layer is lowered according 
thereto, thereby weakening the magnetization retaining 
function of each layer. ^he thiclcnesses of the 
magnetic layers are more desirably not less than 5 nm. 
When the thicknesses of the magnetic layers are more 
than 50 nm, there arises a problem, e.g., a problem 
that the resistance of the cells becomes too large - 
Therefore, the thicknesses of the magnetic layers are 
desirably not more than 50 nm. 

The nonmagnetic layer has to be an insulating 
layer in the case of the magnetoresistive film of the 
spin tunneling structure, because electrons tunnel 
while maintaining their spins . The whole of the 
nonmagnetic film may be an insulating layer, or a part 
thereof may be an insulating layer. An example of the 
insulating l^yer is an oxide film resulting from 
oxidation of a nonmagnetic metal film, which is often 
utilized. An example is an AIP3 layer produced by 
oxidizing part of an Al film in air or in vacuum by 
plasma oxidation, for example. Other examples are 
aluminum nitride AlNx, silicon oxide SiOx, silicon 
nitride SiNx, and NiOx. Preferably, it is aluminxjm 
oxide AlOx. The reason is that an adeq:ua*te potential 
barrier needs to exist against the energy of conduction 
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electrons in tlie fxr-st magnetic layer and. tiie second 
magnetic layer in tlie spin tunneling staructure and AlOsc 
can reaclily provide tliiis barrier and is produced in a 
simple production process ♦ 

Tlie nonmagnetic layer is a unifoxm layer liavxng 
the thickness of about se^reral nm and the thickness of 
the insulating part is desirably not less than 0*5 nm 
nor more than 3 nm. Reasons are as follows. In the 
range less than 0.5 nm. there is a possibility that the 
first magnetic layer and the second magnetic layer can 
be electrically short-circuited. In the range over 3 
nm, the tunneling phenomenon of electrons becomes hard 
to occur. Further, the thickness is more desirably not 
less than 1 nm nor more than 2.5 nm. 

Recording is effected by letting an electric 
current flow in the write line placed in the vicinity 
of the first and second magnetic layers and reversing 
the magnetization in the first magnetic layer or the 
second magnetic layex- by a magnetic field generated by 
the current- An upward or downward magnetic field is 
generated depending upon the direction of the electric 
current and the magnetic field changes the orientation 
of spins to the upward or downward direction. 

The write line is arranged to permit such flow of 
the electric current as to apply the magnetic field in 
the perpendicular direction, i.e., in the direction of 
easy magnetization to the magnetoresistive film. For 
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iraplementing it, ttie write line is pla-ced so as to let 
ttie ©lectx-ic cioirr'eiit flow in parallel to the filjm 
surface* An insulating film is placed between tlie 
warite line and ttie magnetoiresi stive f^ilm in oirdear to 
5 prevent ttie write line from being electrically 

connected to the magnetoresistive film so as to cause a 
leak: of tlie electric current supplied to tlie magnetic 
th.in filin device, into tlie write line during 
reproduction to degrade reproduced signals - 

10 Ttie spacing between tlie write line and the 

magnetoresistive film is at least not less than 1 nm 
nor more than 500 nm and desirably not less than 5 nm 
nor more than 100 nm^ because a sufficient magnetic 
field cannot be applied in the longer spacing range and 

15 because in the shorter spacing range dielectric 

breakdown can occur between the write line and the 
magnetoresistive film and a tunneling current might 
f low- 

In a conf igux-ation wherein memory devices are 
20 arrayed in a matrix pattern, the magnetic field is also 

applied similarly to the magnetoresistive film near the 
write line. For this reason, an electric current is 
also made to flow through the bit line, as described 
above , so as to apply a great resultant magnetic field 
25 to only the magnetoresistive film at an intersection, 
thereby selecting a. speci£ic memory cell, 

A recording method, particularly, in selection of 
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a specific memory device, will be descx-ibed in further 
detail referring to Pig. 21. For example, let us 
suppose the magnetization state of the memory device 
R31 in Fig. 21 is to be ciaanged. Firsts an electric 
5 current is made to flow in the direction of an arrow in 
the write line 101, The current applies an upward 
magnetic field to the memory devices Rll, R21, R31 near 
the write line* A sufficient magnetic field is not 
applied to the memoxry devices R12, R22, R32, because 

10 they are apart from the write line IQI* Then an 

electric current is made to flow in the dir-ection o£ an 
arrow in the bit line 62, This cuxzrent: applies an 
upward magnetic field to the memory devices R31, R32- 
The cux-rent: also applies a downward magnetic field to 

15 the memory devices Rll, R12, 

Therefore, the strong, perpendicular magnetic 
field is applied to only the memory device R31- No 
sufficient magnetic field is applied to the other 
memory devices, Accoirdingly , if the ma.gne1ii2a.tion 

20 reversal magnetic field of the magnetic layer is set 

between the magnetic field from the write line and the 
resultant magnetic field of the magnetic fields from 
the write line and from the adjacent bit line, it 
becomes feasible to change the magnetization state of 

25 only a specific device out of a number of memory 

devices arrayed in the matrix pattern. 

The electric currents to the write line and to the 
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bxt line may be supplied in the opposite order or they 
may be simultaneously supplied to the write line and to 
the bit line. Either one o£ the electric currents may 
be gradually decreased. Particularly^ in a 
configuration wherein at least one of the magnetic 
fields from the bit line and from the write line is 
directed in a direction inclined from the direction of 
easy magnetization, the intensity and direction of the 
magnetic field applied to the memory device can be 
determined so as to effect easy magnetization reversal, 
by first stopping application of the magnetic field in 
the direction inclined from the easy axis of 
magnetization and thereafter stopping the magnetic 
field in the direction of easy magnetization. 
Particularly, it is preferable to stop the magnetic 
field in the direction inclined from the easy axis of 
magnetization before complete magnetization reversal of 
magnetization of the magnetic film and keep the 
intensity of the magnetxc field in the direction of 
easy magnetization until perfect reversal of 
magnetization. The control on -this occasion can be 
implemented by providing a ciarcuit for controlling the 
timing and/or magnitude of pulses applied to the wzrite 
line or to the ttit line, in the peripiieral aorea. 

The above described the example wherein the write 
line 101 was close to the memory device Rll but distant 
from R12, but ttie present invention can also be applied 
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Zo a configuration wherein the write line 101 is 
located, at equal distances to the memory devices; foi: 
exainpie, an object to interrupt the magnetic field, 
e,g., a soft magnetic film like the permalloy ox- the 
5 like is placed between the write line 101 and the 

memory devices R22 , R32, so as to control the 

intensity of the magnetic field generated from the 
write line 101, thereby preventing the sufficient 
magnetic field from being applied to the memozry devices 

10 R12, R22, R32. Similarly, in the other devices, it is 
also feasible to appropriately control the applied 
magnetic field by providing a layer serving as an 
antimagnetic shield, or selection of a device may be 
implemented by use of devices demonstrating different 

15 intensities of the magnetization reversal field, 

depending upon tihe directions of application of the 
magnetic field. 

Recording may also foe implemented, as shown in 
Fig. 23, by letzting electric currents flow in. a. w^ite 

20 line, one adjacent bit line, and a bit line connected 

to a memory device to be recorded, thereby specifying 
the memory device* In this case, applied to the 
specific memory device are the magnetic field in the 
longitudinal direction, i.e., in the direction inclined 

25 from the easy axis of magnetization from the bit line 
and the magnetic field in tlie direction of easy 
magnetization from the write line. 
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For select:±ng ttie specific memory device, to wliicli 
bit; line the electric current is to t>e supplied between 
tlie bit line connected to ttie adjacent device and tiie 
bit line connected to the selected device is adequately 
5 selected depending upon tiie layout o£ the MRAM, and is 
determined according to the electric current to be 
supplied, the number of lines, the distance between 
adjacent devices, and the distance to the bit line- 

In the KRAMs , since the bit lines can be normally 

10 located in close vicinity to the memory devices, it is 
pireferable to apply the magnetic f^ield in the direction 
inclined from the easy axis of magnetization, i.e., in 
the longitudinal direction from the bit line connected 
to the selected device and apply the magnetic field in 

15 the direction of easy magnetization from the write 
line , wliich requires small electric currents - 

By using the bit lines for recording as in the 
present embodiment , it becomes feasible to apply the 
zresulta-nt magnetic field fxrom two conductoir lines to 

20 the memory device and select a specific device, without 

complicating the device structure- 

Even if the memory devices using the perpendicular 
magnetic films are made as fine as not more than 1 p-m, 
spin curling will not occur* For ttLis reason, in the 

25 magnetoresistive film of the present embodiment, the 
ratio of width to length can be 1 , and preservability 
of magnetization is not lost even if the width (= 
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Ifeiig-tli) ±s reduced to 0.5 jim, 0.2 ytm^ 0.1 pm, ox: 0^05 
pm* Therefore, tbe celX area can be made small, 
tiiereby enhancxng tfie degree of integration * 

In general^ ttiere are two types of information 
readout metliods, the absolute detection method and the 
differential detection method as described previously, 
in the MRAMs, which will be described below in further 
detail- First, the structure of the magnetoresistxve 
film used In the absolute detection method ±s "memory 
layer {first magnetic layer ) /nonmagnetic layer /pinning 
layer (second magnetic layer)," wherein the first 
magnetic layer is a memory layer for storing 
magnetization information and the second magnetic layer 
is a pinning layer in which magnetiisation is always 
oriented in a fisced direction in either state of 
sto2?age, recozrding^ and reproduction* For example, 
data of "O" or "1" is made to correspond to upward or 
downward orientation, respectively, of the 

magnetization in the fir^t magnetic laye:ir* Information 
is recorded by reversing the magnetization in the first 
magnetic layer by the magnetic field generated by the 
electric current flowing in the write line After 
this^ the resistance becomes small with "0" and the 
resistance becomes large, with "1". Therefore, 
information can be detected during reproduction 
accox-ding to the absolute values of resistance, without 
effecting the magnetization reversal in the magnetic 
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layer-- Therefore, ttiere is no need, for the 
ma-gnetization reversal for cLet:ect:xon of ctiange in 
resistance dtiring reproduction, and thus the 
reproduction can be implemented at high speed and l^y 
5 low current consumption. The orientation of the spin 
in the second magnetic layer was upward in the above 
description, but it may be downward. In addition, the 
data "0** and "1" may also be made to correspond to the 
dowxLwazrd and upward directions, respectively, of 

10 magnetization in the first magnetic layer, of course. 
The magnetic materials for the first magnetic 
layer and the second magnetic layer both can be the 
aforementioned RE-TM materials, and the second magnetic 
layer being the pinning layer is desirably selected 

15 from TbFe, TbFeCo, DyFe, DyFeCo, etc. exhibiting 

particularly high coercive force. 

The coercive force of the first magnetic layer 
being too low will degrade the memory performance , 
while the coercive force being too high will require a 

2 0 large recording current. Therefore, the coercive force 
of the first magnetic layer is desirably not less than 
5 Oe nor more than 5 0 Oe * The coercive force of the 
second magnetic layer being too low will raise the 
possibility of magnetization i-eversal during recoi-ding 

2 5 or reproduction^ and the coercive force being too high 

will require a hard initialization work to align spins 
in one direction. Therefore, the coercive force of the 
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second magnetic layer is desirably not less tiian 20 Oe 
nor more than 20 ROe. THe coercive force of ttie first 
magnetic layer is desirably approximately half of the 
coercive force of the second magnetic layer - 
5 The differential detection method will be 

described next. The structure of the memory devices 
used in the differential detection method is "detection 
layer (first magnetic layer ) /nonmagnetic layer /memory 
layer (second magnetic layer)," wherein the second 
10 magnetic layer is used as a memory layer for storing 
information and the first magnetic layer is provided 
for reading information stored iii the second magnetic 
layer, by making use of the magnetoresistance ef f ect . 
The data "0" or "1" is made to correspond to the upward 
15 or downward orientation, respectively, of magnetisation 
in the second magnetic layer. Recording is implemented 
by reversing the magnetization in the second magnetic 
layer by ttie magnetic field generated by a recording 
electric cur-rent . 
20 For x-eadout of information, a weaicer magnetic 

field than that during recording is generated by 
supplying a weaker electric current to tbe write line 
than during recording, or by providing two write lines 
and supplying an electric current to only one write 
25 line, whereby only the magnetization in tbe detection 

layer is reversed witbout reversal of magnetization in 
the memory layer. This results in changing the 
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resistance from at small value to a large value in the 
case o£ "0" or changing the resistance from a large 
value to a small value in the case of "1", whereby the 
information recorded, can be detected t>y the change of 
resistance - 

Since the differential detection method can detect 
even a fine signal change through use of a 
differentiation detection method or the like, the 
information can be reproduced with good detection 
sensitivity . 

The magnetic materials for the first magnetic 
layer and the second magnetic layer both can he the 
rare earth-iron group alloy (RE-TM) materials, and the 
both layers are desirably selected from GdFe^ GdFeCo, 
etc. exhibiting lower coercive force, because the 
magnetization xs reversed in the both layers during 
recording or reproduction. The coercive force of the 
first magnetic iaiyei: being too low will degrade 
repxroduced signals, and the coearoive force being too 
high will increase the reproduction current • 
Therefore, the coercive force of the first magnetic 
layer is desirably not less than 2 Oe nor more than 20 
Oe - The coercive force of the second magnetic layer 
being too low will degrade the memory performance, and 
the coercive force being too high will increase the 
recording current. Therefore, the coercive force of 
the second magnetic layer is desirably not less than 5 
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Oe nor moire tiian 50 Oe . The coercive force of tlie 
£±rst magnetic layer is desirably about: half of tiie 
coercive force of t:h.e second magnetic layer. 
( Embodiment 7 ) 

Fig* 24 sbows tiie structure of tlie MRAM in tlie 
present embociiment . In the present embodiment the 
magnetic fields are applied to a memory device to be 
selected through use of a write line and bit lines 
connected on the both sides to memory devices adjacent 
to the selected memory device* For example, let us 
e^cplain a case in which the magnetization state in the 
memory device R22 is changed- 

Electric currents in opposite directions as 
indicated by arrows are supplied to respective, 
adjacent bit lines 61 and 63. This results in applying 
an upward, resultant magnetic field to the memory 
devices located below the bit line 62, Further, an 
electric current in a direction indicated by an arrow 
is also supplied to tbe write line 102, whereupon a 
stronger resultant magnetic field is applied to the 
memory device R22 than to the other memory^ devices 
among the memory devices located below the bit line 62. 

By reversing the directions of these electric 
currents, a downward magnetic field can be applied . 
Since the magnetic films magnetized in the 

perpendicular direction are used for tbe memory devices 
of the present embodiment, it becomes feasible to 



ctiange "the magnet i2a1:xon state of only a specific 
memoxy device out of a number of memory devices airrayed 
in a matrix pattern . 

The ordex- of supply of the electric currents to 
the write line and to the bit lines may be opposite, or- 
the electric cunrents may also be simultaneously 
supplied to the write line and to the bit lines . On 
this occasion, it is pareferable to supply the electric 
currents in such a manner- as to first stop the 
application of the magnetic field inclined from the 
direction of easy magnetization and thereafter stop the 
application of the magnetic field from the direction of 
easy magnetization in view of the positional relation 
between devices and lines, because it becomes easier 
for magnetization to be oriented in the direction of 
easy magnetization. In the MRAM, there are 
irestr-ictions on the positiona.1 relation between memoxy 
devices and lines, and thus, in order to select a 
specific cLevice and irecoard information thezr^lrt , a.ri 
arbitrary combination of a write line with bit lines 
can be selected according to the layout in the memory 
cells , In this case there is provided a peripheral 
circuit for control of application timing of magnetic 
fields . 

In the present embodiment, even in the structure 
wherein each write line is in the middle between 
ad3acent memoiry devices and intervals of bit lines are 



equal, e.g., even in tlie stnictuire wtiexein the distance 
between tlie write line 102 and tlie memory device R22 is 
equal to tlxe dist&nce between tHe write line 102 and 
tiie memory device R23 and tlie interval between ttie bit 
iines 61 and 62 is equal to the interval between the 
bit lines 62 and 63, it is feasible to change the 
magnetization state o± a specific memory device among 
the memory cells arrayed in the matrix pattern. 
Accordingly, the memory can be realized in high density 
o£ integration . 
( Embodiment 8 ) 

Pig. 2 5 shows the structure of the MRAM of the 
present embodiment* Fig. 25 is a cross -sectional view 
of the structure in which transistors are provided 
beXow the memory devices- Portions without any 
reference symbol basically represent insulator 
portions- On a semiconductor- substrate 1 there are MOS 
(Metal-Oxide-Semiconductor) -FETs (Field Effect 
Tr-ansistors } each consisting of diraln x-egion 3, source 
region 2, and gate electrode 4» Each memory device 30 
is connected through plug electrode 50 to the drain 
electrode 13 of the corresponding field effect 
transistor and is formed immediately above the drain 
region. Numeral 12 denotes source electrodes, 13 drain 
electrodes, 10 write lines, and 6 bit lines* Although 
not shown ^ a. permalloy layer capable of serving as an 
antimagnetic shield may be interposed between the 
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memoiry devices 30 of the niagnetores±stive fxjLm and tiie 
t)±t lines 6. It is also possible to coutirol tne 
magnetic field applied from the bit lines, by placing 
contact plugs on the magne tores is tive elements to 
change the distance to the bit lines 6. 

The present embodiment permits the resultant 
magnetic field from two or three conductor lines to be 
applied to the magnetoresistive elements, without 
complicating the device structure^ thus permitting easy 
selection of a specific device ♦ 

The structure provided with the field effect 
■transistors as in the present embodiment is desirable 
for achievement of a large- capacity memory with fast 
rewriting speed in ttie matrix array o± many memory 
cells . The reason is tiiat the simple matrix structure 
is substantially required to provide each 
magnetoresistive element with a diode and this diode 
lias a capacitive component of capacitance which delays 
a. xrise of a signal dux-ing ireproduction of information . 
It is, however, noted that, in use within the tolerance 
range accepting tliis speed delay, the occupying area of 
the memory cells can also be reduced in the simple 
matrix structure, thereby achieving the high density of 
integration . 
{ Embodiment 9 ) 

Fig. 26 shows a structure example of -t^iG memory in 
the present embodiment* Elements having functions 



similar to ttiose in Fig. 25 ar-e denoted by tne same 
ntameirals- Pig. 26 is a cross-sectional view of tiie 
stiracti2i:e in whicii eacn source region is sliared between 
adjacent memory cells in th.e structure provided with 
ttie field effect transistors below ttie memory devices . 
In the present embodiment , for detecting a resistance 
of a memory device, a fixed potential is applied to an 
end of a bit line and the source of the corresponding 
field effect transistor is set: at the ground potential, 
whereby a potential corresponding to the resistance of 
the memory device is outputted to the other end of the 
bit line. This potential is compared with a reference 
potential to be detected. When each source electrode 
is shared between adjacent cells as in the present 
embodiment , the number of source electrodes can be 
reduced, which enables simplification of the structure . 
Namely, the present embodiment permits the resultant 
magnetic field from two or three conductor lines to be 
applied to a specific memory device, without 
complicating the device structure, and can also 
decrease the number of source electrodes in the 
structure wherein the field effect transistors are 
provided below the memory devices * 
(Embodiment 10) 

Fig» 27 shows a structure example of the laemory in 
the present embodiment- Elements having functions 
similar to those in Fig. 25 are denoted by the same 



numerals . THe present embodiment ±s an example of ttie 
stnictnx-e in wlilcli £±eld effect transistors are 
provided below tlie memory devices and in wiiich eac^i 
write line is stiared "between adjacent memory cells. On 
a semiconductor substrate 1 there are MOS-FETs eacH 
consisting of drain region 3, source region 2, and gate 
electrode 4 , and eacli source region 2 is shared between 
adjacent field effect transistors. Two field effect 
tiaransistors sharing no source region are electrically 
isolated from each other by shallow trench isolation 
11 . 

Each memory device 30 having the magnet ores is tive 
film magnetized in the perpendicular direction is 
connected through plug electrode 50 to the drain region 
3 of the corresponding field effective transistor, 
located immediately above the drain region 3 , and 
further connected to the bit line 6 , The source 
electrode 12 is provided with a ground line, which is 
not shown. The write lines 10 are arranged through an 
insulator beside the memory devices 30. The write 
lines 10, gate lines 4, and the ground lines connected 
to the source electrodes 12 extend in the noxrmal 
direction to the plane of the drawing. The bit lines 
extend in the direction parallel to the plane of the 
drawing » Fig. 2 8 is a plan view of the memory 
structure shown in Fig. 27 ♦ The memory devices Rll to 
R16 comprised of the magnetoresistive film are 
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connected to a "bit line 61- Likewise^ th.e memory 
devices R21 to R26 are connected to a bit line 62, R31 
to R36 to a bit line 63, R41 to R46 to a bit line 64, 
R51 to R56 to a bit line 65, and R61 to R66 to a bit 
5 line 66. The bit lines and wx-ite lines correspond each, 
to those described in Fig. 27. The shallow trench 
isolation regions 111, 112 are placed in parallel to 
the write lines. There is also a shallow trench 
isolation region provided hetween bit line 61 and bit 
10 line 62, and the same also applies to the regions 
between the other bit lines. 

The recording method of the present emhodiment 
will be described referring to Fig. 28. Fig, 28 is a 
plan view of the memory cells seen £rom above Fig. 27. 
15 For example, let us assume that information is recorded 

in a memory cell including R33 in the part surrounded 
by a dashed line in Fig. 28* When an electric current 
is supplied in the direction of an arrow to the write 
line 102, an upward magnetic field is applied to R13 to 
20 R63, whereas a downward magnetic field is applied to 

R14 to R64- At the same time as it^ electric cuirrents 
in opposite diirections "to each other are supplied as 
indicated by arrows, to the adjacent bit lines 62 and 
64. This results in applying an upward resultant 
2 5 magnetic field of magnetic fields from the bit lines to 

the memory devices R31 to R36 . Therefore, a strong 
magnetic field is applied to only the memory device 
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R33- The ci±rection of tlie magnetic field can be vax-ied 
to ttie upward dxrection oar to th.e downward dinrectxon, 
depending upon tiie directions of th.e electric cixrrents , 
and information can be selectively recorded in only a 
5 specific memory cell by selecting a write line for tiie 
electric current to flow. 

Tlte reproduction mettiod will be described in 
further detail with, reference to Fig* 28. For example, 
let us assume tiiat information is read out of the 

10 memory cell including tbe memory device R33 in Fig. 28. 
First, ttie electric currents in ttie directions of 
arrows are supplied to the write line 102 and to tbe 
adjacent bit lines 62 and 64, as in tbe case of 
recording. This results in applying an upward magnetic 

15 field to R33- By setting tue electric current values 
to smaller values than during the recording, the 
magnetization only in the detection layer can be 
reversed while the magnetization direction in the 
memory iayex* is maintained.. Since the direction o£ the 

20 applied magnetic field can be changed to the upward 
direction or to the downward direction by the 
directions of the electric currents, the magnetization 
in the detection layer can be reversed by supplying 
positive and negative current pulses* and the 

2 5 information can be read by detecting changes of 

resistance occurring at that time, through the bit line 
63. The data "0" and "1" may be made to correspond to 
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tlie d.QWiiwair<i magnetization and the upwajrd. 
magnetization, irespectively , in the second magnetic 
layex: . 

Intensities of the magnetic fieias applied to the 
luemoiry devices are as follows. When the electjric 
current of 2-4 mA (in the ciorrent density of 20 mA/pm^) 
is supplied to the write line 0.3 pm wide and 0*4 pm 
thick and the electric current of 0.8 mA (in the 
current density of 10 mA/vim^) to the bit lines 0,2 pm 
wide and 0.4 ]zm thick, using semiconductor processing 
eqijipment with the design rule of 0.2 pm, the magnetic 
field of ahout 15 Oe is applied to the magnetic films 
at a point O - 2 pm apart from the center of the wiring 
line in the direction of thickiness. At this time^ only 
the magnetic field of 10 Oe or less is applied to the 
adjacent memory cells . 

When the electric current of 2.4 mA ( in the 
current density of 20 mA/pm^) is supplied to the write 
line 0-4 pm wide and 0-3 pm thick and the electric 
current of 0.8 mA (in the ctirrent density of 2G mA/pm^) 
to the bit lines 0-2 pm wide and 0.2 pm thick, using 
the semiconductor processing equipment with the design 
rule of 0.2 pm, the magnetic field of 13 Oe is applied 
at a point where the distance to the generating point 
of the magnetic field is 0.35 pm from the center of the 
write line and the distance from the center of the bit 
line is 0,10 pm* Only the magnetic field of 8 or less 
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Oe on aver-age is applied to tiie surroxiiiding memory 
cells* 

In the structure of tlie present embodiment ^ even 
if each write line is shared "between a-djacent memory 
5 cells left and right to simplify the structure, there 
is no need for provision of new other write lines , 
which can simplify the device structure * since the 
magnetic fields are applied to the memory device 
through use of three conductor lines , the strong 

10 resultant magnetic field can be applied thereto and it 
is thus feasible to write information even in the 
memory devices with large coercive f orce ^ which are 
selected in order to enhance the preservability of 
information . 

15 (Embodiment 11) 

Fig- 29 shows a structure example of the memory 
according to the present invention, used in the present 
embodiment* Elements having functions similar to those 
in Fig. 2 5 are denoted t>y tlie same numerals . The 

2 0 present embodiment is an example of the structure in 
which the write lines are integrated with ground 
electrodes . Each write line 10 is connected to a 
ground electrode 12 connected to the source region of 
the field effect transistor to foe integrated therewith. 

25 The write lines 10 extend in the normal direction to 

tiie plai:ie of the drawing, and switctixng aevices such as 
field effect transistors or the like are connected to 
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ends of the write lines to be connected to eitiier a 
ground potential or a current soinrce. Tne current 
source out of th.em is a current source capable of 
supplying an electric current necessary for writing . 
5 Tlie write line is connected to the ground potential in 
the reading operation, while the write line is 
connected to the current source in the writing 
operation * 

Since in this structure the write lines are 

10 integrated with the ground lines, there is no need for 
provision of new write lines. This simplifies the 
device structure . 
( Emb odimen t 12) 

Fig. 30 shows a structure example of the memory 

15 according to the present invention, used in the present 
embodiment . Elements having f xxnctions similar to those 
in Fig. 25 are denoted by the same numerals. The 
pxesent embodiment presents a structure in which the 
drad_n electrod-es ajce formeca ±n a. self -aligning manner 

20 in the structure provided with the field effect 

transistors below the memory devices. In the device 
structure of Fig. 25, supposing an alignment deviation 
is F (minimum processing dimension) for placing the 
plug electrodes 5 on the clrain regions 3 , it is 

25 necessary to allow for the width of 3F- Therefore, the 
area of the drain region 3 needs to allow for the 
margin of S x (square of P) . in contrast to it, the 
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device str-uctirre of tlie present embodiment: requires no 
alignment margin, because the arain electrodes 13 are 
formed, in the self-aligning manner. Therefore, the 
alignment margin between the drain region 3 a^id the 
5 drain electrode 13 can be made theoretically null, and 
the area of the dx-ain region 3 can be made smaller, 1 x 
(sqiaare of F) * For further miniaturization of the 

Q memory, the area ratio is desirably not less than 60% 

and more desirably not less than SO to 90%. 

01 10 (Embodiment 13) 

SI Fig, 32 is a structural view of the MRAM of the 

present embodiment. The memory devices of the present 
^ embodiment are constructed using the magnetoresi stive 

II film having the magnetic films with the easy axis of 

:^ 15 magnetization within the film plane* Elements having 
functions similar to those in Fig. 16 are denoted by 
the same numerals and description thereof is omitted 
herein. Magnetic fields in the longitudinal direction 
are applied fi-om the write line 10 and from the bit 
20 line 6 to the magnet ores is tive film 30 . On this 

occasion, however, the magnetic field from the write 
line is applied in the direction to which the 
magnetization of the magnetic film is to be directed, 
and the magnetic field from the bit line is applied 
25 from a direction inclined at a certain fixed angle to 

the magnetic field from the write line, within the film 
plane. On this occasion, after the magnetization has 



- 82 - 



been r-eversed "to some extent, th.e magnetic fiel<a from 
tne bit O-ine is applied aJid tiiereaftejr tlie ctpplicatxon 
of tne magnetic field from the write line is stopped, 
wliereby tiie intensity of the magnetic field from the 
5 wxrite line can be made smallex* than in the case of 

simultaneously stopping the application of the magnetic 
fields from the bit line and from the write line. As a 
means for varying the intensity and direction of the 
applied magnetic fields, the periplieral circuitry may 

10 be provided with a control means to give a shift 

between the timing of stopping the application of the 
magnetic field by the electric current flowing in tbe 
bit line and the timing of stopping the application of 
tlie magnetic field by tbe electric field flowing in the 

15 write line^ for example. Fig. 33 is a plan view of ttie 
memory cells in this structure, observed from above* 



